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RESUME 
Cette etude presente une caracterisation optique detaillee d'une Decharge a Barriere 
Dielectrique a Pression Atmospherique, en ecoulement de gaz et son "afterglow", par la 
spectroscopic optique d'emission. Les proprietes electriques, comme la puissance deposee 
dans la decharge, l'energie dissipee dans un cycle, les capacites dielectrique et totale, sont 
determines par les figures de Lissajous. Les valeurs des capacites ainsi determinees sont en 
accord avec celles calculees theoriquement. 
La longueur du "afterglow" sous differentes conditions d'operation ainsi que l'effet de 
l'entree de Fair sur celui-ci sont etudiee par la technique photographique. 
Le caractere de non-equilibre du plasma dans la region active et "afterglow" est etudie 
par l'analyse de la temperature de rotation, vibration et d'excitation electronique, obtenues 
des graphes de Boltzmann. En helium, sous les memes conditions d'operations, les valeurs 
determinees sont: Tr = 533 ± 15 K, Tv = 2500 ± 500 K, Te = 2800 ± 570 K - dans la region 
active et Tr = 466 ± 10 K, Tv = 2100 ± 430 K, Te = 2600 ± 530 K - dans le "afterglow". 
En helium, l'analyse spectrale de raies d'emission de He (587.5 nm) et de Hp est 
utilisee pour etudier les effets Doppler, Stark et Van der Waals. Une approche innovatrice 
pour determiner la temperature du gaz Tg, definie comme l'energie cinetique moyenne de 
particules de gaz, est donnee, par la deduction des deux equations parametriques, un pour 
chaque raie. Ces equations sont appliquees dans l'etude de la variation de Tg en fonction du 
voltage applique, et pour verifier la validite d'utiliser la temperature de rotation, comme une 
methode d'approximation pour Tg. Pour les deux raies etudiees, la temperature du gaz montre 
une augmentation lineaire entre 310 K et 460 K, pour un voltage applique entre 5.8 kV et 
10.8 kV. La pente de la variation de la temperature de rotation avec le voltage montre une 
surestimation de 35 %, comparee a celle de la temperature du gaz. D'une autre part, la 
temperature du gaz demeure insensible au changement dans le debit du gaz. La limite 
superieure de la densite electronique pour le voltage maximum applique s'etablie a 4 x 10 
cm"3 par l'analyse de l'effet Stark pour la raie Hp. 
Finalement, une identification detaillee des especes actives et leurs mecanismes 
d'excitation pour He et ses melanges : He-Ar, He-N2, He-H20 vapeurs, He-CH4, et He-02, est 
donnee, par l'analyse de spectres d'emission dans l'intervalle des longueurs d'onde de 300 nm 
a 900 nm. 
I 
MOTS CLES 
Decharge a Barriere Dielectrique, DBD, spectroscopie optique d'emission, figures de 
Lissajous, plasma hors-equilibre, temperature de rotation, vibration et d'excitation 
electronique, temperature de gaz, effets Doppler, Stark et Van der Waals. 
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ABSTRACT 
This study presents a detailed optical characterization of a throughflow Atmospheric 
Pressure Dielectric Barrier Discharge and its afterglow, using emission spectroscopy. The 
electrical properties such as the power fed into discharge, the energy consumption during one 
cycle, the dielectric and total capacitance are determined using Lissajous figures. The values 
of the determined capacities and those theoretically calculated are in agreement. 
The afterglow length and the effect of the air entrainment at different operating 
conditions are studied using photographic technique. 
The non-equilibrium feature of the plasma in the discharge gap and in the afterglow is 
studied by the analysis of the rotational, vibrational and electronic excitation temperature, 
using Boltzmann plots. In helium flow, under the same operating conditions, the values 
determined are: Tr = 533 ± 15 K, Tv = 2500 ± 500 K, Te = 2800 ± 570 K - in the gap-space, 
and Tr = 466 ± 10 K, Tv = 2100 ± 430 K, Te = 2600 ± 530 K - in the afterglow. 
In helium flow , spectral line-shape analysis of the He (587.5 nm) and Hp transitions is 
used to determine the contributions of the Doppler, Stark and Van der Waals effects. An 
innovative approach to determine the gas temperature Tg, defined as the mean kinetic energy 
of the gas particles, is given by establishing two parametric equations, one for each transition. 
These are applied to study the Tg variation with the applied voltage, and to determine the 
accuracy of the use of rotational temperatures as an approximation for Tg. A linear increase of 
the gas temperature from 310 K to 460 K with the increase of the applied voltage from 5.8 kV 
to 10.8 kV is found for both studied lines. The slope of the rotational temperature variation 
with the applied voltage shows a 35% overestimation of the gas temperature as compared to 
that obtained from the line shape analysis. On the other hand, no significant variation of the 
gas temperature with the flow rate could be detected. The upper limit for the electron density 
at the highest voltage applied is established to be 4 x 10 n cm"3, from the Stark broadening of 
Hp. 
Finally, a detailed identification of the active species and their excitation mechanisms, 
in He and its gas mixtures such as: He-Ar, He-N2, He-H20, He-CH4, and He-02, is presented 
by analyzing the emission spectra in the wavelength interval 300 nm to 900 nm. 
in 
KEYWORDS 
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CHAPTER 1 
INTRODUCTION 
The growing interest in atmospheric pressure non-equilibrium plasmas is largely due 
to new opportunities in a variety of applications such as materials synthesis, surface 
modification, coating, sterilization, decontamination, and gas remediation. Different torch 
configurations, with specific properties have to be developed and adapted to the desired 
application. This can be achieved if the plasma properties are well understood. The present 
study is dedicated to the optical characterization of an atmospheric pressure Dielectric Barrier 
Discharge (DBD) torch using emission spectroscopic techniques. The DBD torch used for 
powder processing, was developed and supplied by Tekna Plasma Systems Inc., in 
Sherbrooke, Quebec, Canada. The goal of this study is to provide a detailed characterization 
of the plasma properties by employing emission spectroscopy, with emphasis on the non 
equilibrium and non-thermal aspects of this type of plasma, since both aspects represent key 
factors in processing technology. In this context, one of the objectives is to provide a detailed 
description of the main physical and chemical processes governing the plasma and whose 
effect can be detected from the spectra of the emitted light. The determination of the different 
temperatures and electron densities completes the list of the objectives of the present study. 
Because of the atmospheric pressure operation of this kind of torch, collisions processes 
inside the plasma volume are very important. Hence, the physical processes studied are 
related to the collision phenomena or interactions of the kind atom-atom and electron-atom, 
which directly affect the optical transitions of the emitting species. Consequently, the 
collision processes have a dominant effect on the gas properties, and the determination of the 
different characteristics, such as the temperature and electron density strongly depends on the 
knowledge of these processes. The Stark effect which is the result of the interaction between 
the atoms and the electrical charges inside the plasma is studied and serves to determine the 
electron density. In addition, the collision processes between the neutral gas particles, in the 
1 
form of van der Waals interaction are analyzed and the study permits to determine the gas 
temperature defined as a measure of the mean kinetic energy of the gas particles In order to 
provide an accurate analysis of the gas temperature, the Doppler effect is also studied. 
Different gases and mixtures of gases are used to gather information on the chemical 
reactions and excitation mechanisms, from the analysis of the emission spectra in the 
wavelength interval from 300 nm to 900 nm. Since the DBD torch used creates a non-
equilibrium plasma, particular attention is given to the notion of the temperature. Hence, the 
electron, rotational and vibrational excitation temperatures are determined using Boltzmann 
plots, in the gap-space and the afterglow regions. This approach leads to the evaluation of 
the non equilibrium nature of this type of plasma and to compare the temperatures of the 
active region with those of the plasma extended at a considerable distance away (10 cm). The 
length of the afterglow plasma is evaluated at various torch operated conditions, such as the 
voltage applied, the gas composition, and the gas flow rate. 
The originality of this study arises from two aspects. On one hand, revealing that the 
plasma characteristics strongly depend on the geometry of the torch, the study provides a very 
detailed characterization of the properties of a particular DBD torch aimed for specific 
applications. Particular attention is given to the comparison of the characteristics of the 
active region of the discharge with its extended afterglow from the point of view of active 
species, rotational, vibrational and electronic excitation temperatures [IONASCUT-
NEDELCESCU et al , 2007]. 
The major scientific original contribution of the present work relates both the 
spectroscopy and the plasma domains. Some results obtained were already published in the 
literature. Namely, a new method to determine the gas temperature from the spectral line 
shape analysis of the He (587.5 nm) and Hp (486.1 nm) emissions is developed [IONASCUT-
NEDELCESCU, et al., 2008]. Its importance arises from many facts. Firstly, it relates the 
physics to the engineering domain by establishing two parametric equations in which all the 
relevant physical processes as the Stark, Doppler and Van der Waals effects are included, and 
hence a much more simplified approach is given. Moreover, the method permits one to 
calculate the gas temperature, even in those cases in which rotational transitions are not 
present in the spectra, or when the rotational temperature does not accurately reflect the gas 
temperature. Such an example is provided in the actual system, where the rotational 
2 
temperature shows an overestimation of the gas temperature by 35%. The applicability range 
of the parametric equations is also discussed. 
In the following part, a brief description of the thesis structure is presented. 
The first chapter serves as an introductioa This chapter presents the thesis subject, as 
well as the motivation, the main objectives and the originality of the present study. A brief 
description of thesis structure, presenting the organization of the main topics studied in 
different chapters is also included in the introduction. 
In the second chapter, a literature review of relevant studies related to the 
characteristics of different non-equilibrium and non-thermal plasmas is presented. It contains 
an overview of the different plasma torches and their characteristics. Particular attention is 
given to the literature survey with emphasis on the non-thermal and non-equilibrium aspects 
related mainly to the temperature and electron density. 
The third chapter presents the description of the experimental set-up used. It is divided 
in three sections. The first section presents the DBD torch design, and a description of its 
component parts with the associated dimensions. The optical setup used in this study is 
presented in the second section, while the electrical set-up and its associated characteristics 
are presented in the third part. Typical results of the electrical characteristics of the discharge 
are presented at the end of this chapter. This involved the experimental determination of the 
dielectric and total capacitances, based on the analysis of the Lissajous diagrams, from which 
the energy dissipated during one cycle in the discharge and the power, are subsequently 
determined. Both the dielectric and the total capacitances are also calculated, considering the 
dimensions from the design specifications. The agreement between the results obtained from 
the two approaches confirmed the correct operation of the torch, and the usefulness to usethe 
Lissajous figures on the oscilloscope screen as in-line monitoring system. 
Chapter four presents the visual characteristics of the gap-space and afterglow 
regions of the torch operated in flowing He, Ar, or mixtures of them, at various operating 
parameters. For this purpose, several series of photos recorded at different operating 
conditions are presented. The study permits one to find information on the afterglow stability 
and of the afterglow length and shape under different operating conditions. Particular 
attention is given to the dependence of the afterglow extension on the gas composition, the 
applied voltage and the gas flow rate. 
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Chapter five contains a detailed analysis of the emission spectra in the entire 
investigated wavelength range (300 - 900 nm), recorded from the gap-space and afterglow 
regions. It is followed by a temperature characterization of both regions. The corresponding 
temperatures determined are: the rotational, vibrational and electronic excitation temperature. 
A brief theoretical approach of the principle of the method used to determine each kind of 
excitation temperature is presented before presenting the corresponding analysis. The active 
species and the temperatures in both regions are determined and compared and the axial 
distribution of the rotational temperature is performed. Moreover, a detailed discussion of the 
excitation mechanisms is presented, and the main excitation mechanisms of the different 
modes are identified. Consequently, the major role of the long hsting He metastables for the 
rotational excitation of the N2+ ions is established. Direct collision processes of fast electrons 
leading to vibrational and electronic excitation modes are shown to be essential. 
In chapter 6 presents an analysis of the spectral line broadening mechanisms is 
presented. This is applied to determine the gas temperature and the electron density in the 
DBD torch. A review of the main broadening mechanisms characteristic for these types of 
plasma is firstly presented. It contains the description of the physical processes leading to the 
broadening of the spectral lines, and the associated mathematical expressions to be used for 
deriving the different gas properties. Hence, the Doppler, and the collision broadening, which 
includes the Stark effect as well as the Van der Waals mechanisms are reviewed. The 
transitions studied are the He (587.5 nm) and the Hp (486.1 nm) lines emitted from the gap-
space of the torch operated in a pure He flow. An innovative approach to determine the gas 
temperature is proposed for each studied transition, by deriving two analytical expressions. 
The results obtained are the gas temperature and the electron density determination. The 
validity of the two expressions applied at fixed torch operated parameters is confirmed by the 
results obtained at various applied voltages and gas flow rate values. Moreover, both the He 
and Hp lines analysis give the same results. The gas temperature dependence on the applied 
voltage and flow rate is determined, and the electron density is estimated. The comparison 
between the gas temperature obtained for each line and the rotational temperature, and their 
dependencies on the applied voltage, shows a systematic overestimation of the Tg by Tr. A 
discussion related to the gas kinetic temperature and excitation temperature is presented. 
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Finally, a detailed discussion is included in this chapter on the gas temperature and the 
electron density dependencies on the applied voltage and gas flow rate 
Chapter 7 is dedicated to the study of the spectral characteristics of the torch operated 
with different gas mixtures. In particular, the entire emission spectra recorded form the gap-
space region of the torch were analyzed and compared, and valuable information related to 
the active species, excitation mechanisms and chemical reactions are deduced. In order to 
understand the influence of the gas composition on the spectral characteristics, the torch 
operating parameters were set at fixed input power, via the fixed voltage applied, while the 
gases used were pure helium, a mixture of helium - argon, a mixture of helium - nitrogen, a 
mixture of helium and water vapor, a mixture of helium - methane, and a mixture of helium -
oxygen. Each of the atomic and molecular spectral emissions identified in the wavelength 
range of 300 to 900 nm are discussed in terms of excitation mechanism and chemical 
reactions. 
The last part of the thesis presents the conclusions derived from the entire study, and it 
ends with a recommendation for future works. 
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CHAPTER 2 
DIELECTRIC BARRIER DISCHARGES: CHARACTERISTICS AND 
COMPARISON WITH OTHER PLASMA SOURCES 
In this chapter, a literature review of relevant studies related to the characteristics of 
the Dielectric Barrier Discharges, and of the different non-equilibrium and non-thermal 
plasmas are presented. An overview of the different plasma torches and their characteristics, 
with emphasis on the non-thermal and non-equilibrium aspects related mainly to the 
temperature and electron density, is presented. 
2.1. Historical approach and applications of DBDs 
Even though Werner von Siemens invented and first applied in 1857 the Dielectric 
Barrier Discharge or Silent Discharge, for the ozone synthesis, we witness nowadays an 
increased development of this type of plasma source, and especially of the DBD torches. The 
main advantage of these torches over the classical configurations is related to the fact that 
they allow a much easier manipulation in processing technology, since they are not limited to 
an active region confined in a gap-space of the order of millimeters or tens of millimeters. 
Moreover, they are easy to scale from the laboratory to industrial requirements, can be 
operated at atmospheric pressure, and have already been applied on industrial scale, 
[KOGELSCHATZ, 2003]. The atmospheric plasmas for which large volumes of plasma are 
generated and which are not only confined to the active region are classified as Atmospheric 
Pressure Plasma Jets, even though the term is employed usually for the RF operated 
discharges without dielectrics covering the electrodes, [SELWYN et al , 2001], as is the case 
of the classical DBD configurations. 
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The most important applications of the plasma produced by DBDs are the following: 
ozone generation, excimer UV lamps, plasma display panels, CO2 lasers, material surface 
treatment, thin films deposition or coatings, and pollution control [KOGELSCHATZ, 2003]. 
In the following, some of the relevant published works related to DBDs applications 
are presented. 
Ozone generators have already been applied on large industrial scale for water 
purification and many works treating different features of ozone generators were published. 
An important study was performed by [ELIASSON et al., 1987], in which a model for the 
ozone generation is proposed. It includes both the physical processes of the discharges and 
the chemical reactions related to the ozone formation, [ELIASSON et al., 1987]. The authors 
identified the most important parameters which control the performance of the ozone 
generator, such as the strength of microdischarges, characterized as the atom concentration 
produced by a microdischarge. 
The application of the DBDs for the generation of VUV radiation was first proposed 
by [TANAKA et al., 1955]. The excimer lamps are based on either rare gas dimers, showing 
a broad emission continuum, or on rare gas halide dimers, with a much narrower emission 
band, while for the display panels, the VUV radiation is used to excite red, greai and blue 
phosphors, [KOGELSCHATZ, 2003]. A series of studies treating different aspects of the 
DBD emission radiation were published in the literature For example, [VEERASINGAM et 
al., 1995] proposed a one - dimensional model of an AC plasma display cell operated in 
helium gas, [ELIASSON et al, 1998] proposed a model calculation for Xe*2 excimer 
formation and UV efficiency in DBD, whereas [RAUF et al, 1999] used the results of a two 
- dimensional model to investigate the operating conditions on the luminosity(or luminance -
(the density of luminous intensity in a given direction) and the efficiency of the visible light 
produced in mixtures of He/Ne/Xe. A detailed review related to the physics, development and 
key issues of the plasma display panel, is presented by [BOEUF et al., 2003]. 
As pointed out by [KOGELSCHATZ, 2003], the applications of the DBDs in 
pollution control mainly related to the decomposition of nitrogen and sulphur oxides, or 
VOCs destruction, such as hydrocarbons, chlorocarbons, and others, were largely investigated 
by many authors. For example, a recently published study indicated that it is more difficult to 
decompose the 1,2 dichloroethane (DCE) as compared to thricloroethylene (TCE), in a 
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dielectric barrier discharge, [MAGUREANU et al., 2007]. Regarding the hydrocarbon 
decomposition in non equilibrium plasmas, methane plays an important role and various 
studies were proposed, such as the methane conversion into higher hydrocarbons (C2) and 
hydrogen in DC pulsed and AC excitation [LI et al., 2004], or the plasma oxidation of 
methane [NOZAKI et al., 2004], and the direct dehydrogenation of methane [KADO et al., 
2004]. 
Barrier discharges are very good candidates for materials surface modification, 
especially those of polymers, which are characterized by chemically inert surfaces and a low 
surface energy. Consequently, a large number of studies have been carried out on polymer 
treatment, to improve their surface adhesion, as for example processes needed before 
metallization [POCHNER et al., 1997], or the hydrophobic coatings on polymers, [BORCIA 
et al., 2007]. Not only polymer surface treatments by barrier discharges were successfully 
carried out, but also depositions of thin polymeric films were achieved. Such an example is 
the deposition of polymer on glass surface using acetylene, [SALGE et al, 1996]. Other non 
polymeric films were also obtained, such as amorphous hydrogenated carbon film, a-C:H in a 
Ar/CH4 gas mixtures [BRATESCU et al., 2006], or SiO* on metal surface , to protect metallic 
forms from corrosion, [ERLI et al., 2007]. 
Recently, new insights are proposed by [NESSIM, 2008], for powder coatings using 
the dielectric barrier discharges. 
2.2. Characteristics of the DBDs and comparison with other sources 
Dielectric Barrier Discharges are generated by applying an electric field in a gas 
located in the space in between two electrodes, at least one of them being covered by a 
dielectric. The particularity of this type of discharge is the dielectric layer or layersplaced in 
between the electrodes. A schematic view of a classical DBD configuration is presented in 
the figure 2.1. 
The plasmas produced by DBDs or DBD torches are non-thermal, non-equilibrium 
plasmas, even at atmospheric pressure. These plasmas are characterized by low gas 
temperatures, generally around room temperature, while the electron temperature is much 
higher, being of the order of thousands degrees. Such plasmas can be achieved at atmospheric 
pressure in corona discharges and in micro-plasmas, or in low-pressure glow and RF 
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discharges, [BECKER et al., 2005]. The glow discharges are achieved usually in a transparent 
cell field with a gas and which contains the two electrodes powered by DC voltage. As 
indicated by the name, RF discharges are obtained with radio frequency generatos. Two 
common configurations exist, the inductively and the capacitively coupling. Nevertheless, for 
non - thermal plasmas, the capacity methods are used, at moderate or low pressures. In 
principle the frequencies employed are higher than 1 MHz, the typical value being 13.6 MHz, 
commonly employed in industrial applications. The operating principle is based on achieving 
a discharge in the gas contained in between two electrodes, commonly in parallel plate 
arrangement, which could be insulated with dielectric material. 
Voltage • 
• y • 
Gas p a r t i c l e ^ ^ ^ ^ ^ ^ H ^ ^ ^ H 
Electrode 
I 
• 
• 
! 
Electrode 
Dielectric 
Figure 2.1 - Schema of a DBD configuration. 
Corona discharges are usually generated by metallic points, where the charge density 
is very high, the consequence of Gauss law. A common configuration is pin-to-plane, even 
though other geometries such as wire - related, or combined DBD-Corona [PACHECO et al., 
2007] exist, too. In the pin-to-plane configuration, a highly non-uniform electric field is 
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created between the pin, with a typical radius in the order of microns, and the plane electrode 
located at a distance of millimeters [GOLDMAN et al., 1978, and SCHUTZE, 1998]. 
Depending on the applied voltage polarity, two kinds are underlined, the positive Corona, 
when positive charges accumulate on the pin and the negative Corona, which is easier to 
sustain. The most common applications of corona discharges are: electrostatic powder 
coating, electrostatic precipitation, electrophotography and printing, as well as ozone 
synthesis, material surface treatment, and destruction of toxic compounds, [CHANG et al, 
1991, and MENG et al , 2008]. 
The particularity of micro-plasmas is related to the fact that they are confined in 
small space domain, of the order of micrometers. They can be achieved either with RF and 
microwave frequency excitation, or in DC excitation mode, such as the DC micro hollow 
cathode discharges. The microwave micro-discharges are used in portable devices, such as 
the bio-microelectromechanical systems (bioMEMs) or microchemical analysis [IZA et al , 
2004]. The DC micro hollow cathode discharges are very useful sources of VUV radiation, 
but their disadvantage is related to the electrode erosion, and hence they are limited in 
operating time. 
A particular non-equilibrium plasma source at atmospheric pressure with applications 
mainly in the biomedical field- is the plasma needle, proposed by E. Stoffels and co-workers 
[STOFFELS et al., 2002]. 
Classical DBD configurations are usually obtained in the frequency range of 1 kHz-
100 KHz, in AC excitation in continuous and/or intermittent mode, or in DC pulse excitation. 
There are many variation around the classical DBDs, for example that proposed by 
[MORAVEJ et al , 2006], which consist of a quartz tube fixed in between two parallel 
aluminum electrodes, while the excitation frequency is in the RF domain, particularly 13.56 
MHz. The authors estimated an electron density is in the range of 1012 cm" , while the 
electron temperature is in the range of 1.2 eV, both showing an increase with the increasing 
power density. Moreover, from the electrical characteristics, the authors found that the 
current does not show spikes, as in the low frequency DBDs, while the coupling is capacitive. 
There are also, for example, the so-called Atmospheric Barrier Torch Discharges, that 
are created in a quartz tube surrounded by the RF powered electrode, as proposed by A. 
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Churpita and co-workers. They used it for InO and SnO deposition on a polymer substrate 
[CHURPITA et al., 2003]. 
A novel kind of millimeter cold plasma jet which consists of a capillary dielectric 
barrier discharge torch, operated at 33 kHz at atmospheric pressure, shows the coexistence of 
two kinds of plasmas - filamentary in the gap-space and a cold plasma jet near the outlet of 
the capillary, was reported by [SUN et al , 2006]. 
A detailed review of the atmospheric pressure plasma jets and a comparison of their 
properties with other sources, was published by [SCHUTZE et al , 1998], pointing out that 
non-equilibrium plasmas achieved with corona and DBDs are characterized by gas 
temperatures between 50 °C and 400 °C, and charged particle density typically of weakly 
ionized gases, but higher values are achieved in DBDs - (1012 - 1015) cm"3, as compared to 
coronas - (109-1013) cm . 
Modifications of the classical DBD configurations, in order to match their properties 
to the desired applications, are continuously performed, such as the recently nov design of a 
DBD type reactor for water ozonization and degradation of organic pollution, which contains 
a porous ceramic on the electrode surface, as reported by [BAROCH et al, 2008]. 
The following paragraphs are dedicated mainly to DBD plasmas. 
Various earlier and recent studies on the plasma created by DBDs have been 
published in the literature, and different aspects were investigated. They treat a wide range of 
subjects covering the physics, chemistry and engineering aspects. 
Starting with the generation and the sustaining plasma mechanisms, the breakdown 
mechanism plays a major role. It is usually pointed out in DBD plasmas at atmospheric 
pressure that the streamer breakdown occurs, leading to the formation of a multitude of 
filaments apparently randomly distributed in the discharge gap [KOGELSCHATZ et al., 
2002]. Nevertheless, under special conditions, non-filamentary diffuse barrier discharges can 
be obtained. 
Regarding the nature of the gases used, it was concluded that homogenous plasmas 
are more easily achieved in helium rather than with other gases. 
Several published studies describe the streamer breakdown mechanism, and models of 
the self propagated streamers are proposed in the literature, [KOGELSCHATZ, 2003, and 
EGLI et al., 1998]. The authors pointed out that once the electric field is created between the 
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charges accumulated on the dielectric surfaces became larger than the gas breakdown value 
(Vbd= f (pressure*distance)), or plasma ignition, the electron avalanche multiplication occuis 
and gives rise to the creation of cylindrical filaments of around 100 urn radius with lifetimes 
of a few nanoseconds. Because of the transient nature and random location of these filaments, 
it is very difficult to isolate and locate such a filament in order to study one microdischarge. It 
is concluded that the electron density is higher in the inner part of these filaments, attainingat 
atmospheric pressure, values in the range of 10 10 cm" , with the number of 
microdischarges per unit of area and time are around 106 microdischarges/cm2*s, [U. 
KOGELSCHATZ, 2003]. These values depend not only on the power density, but also on 
UV illumination, [COOGAN et al., 1996]. 
There are many electrode configurations of DBDs Most of them are in the form of 
parallel plane plates or cylindrically shaped. They are referred to as volume barrier 
discharges. In addition, surface barrier discharges have also been developed [GIBALOV et 
al , 2000, and ZHANG et al., 2003]. 
Non-filamentary DBDs in pure helium were reported by [BARTNIKAS et al., 1968, 
KANAZAWA et al., 1988, and MASSINES et al , 1998], while several models of the 
atmospheric pressure homogenous barrier discharge were proposed by [GOLUBOVSKY et 
al , 2002], for pure He, and for He with impurities, by [ZHANG et al., 2006]. [GHERARDI 
et al., 2000] studied the transition between the glow mode to the filamentary discharge in a 
DBD operated in nitrogen, and conclude that the nature of the dielectric surfaces in contact 
with the gas strongly affect the homogeneity of the plasma Homogenous DBDs or so-called 
Atmospheric Pressure Glow Discharges (APGs, APGDs) were also obtained in other gases or 
mixtures of gases, such as methane-helium at special conditions, as reported by [NOZAKIet 
al., 2001]. Recently, a study carried out by [XU et al., 2007] presents an investigation on the 
transition of the glow-like and filamentary modes in a barrier discharge lamp operated in 
mixture of Xenon / Chlorine. 
Studies about the geometry of DBD torches were also published in the literature. Such 
an example is the work of [KUWABARA et al , 2005], who investigated the effect of the 
inner and outer electrode positions on the plasma jet length of an atmospheric pressure DBD 
plasma torch operated in a helium flow. They concluded that an optimum stable jet was 
achieved when the inner tube was grounded and withdrawn back into the outer tube. 
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Relevant studies concerning the excitation temperatures in DBDs, including the 
rotational, vibrational and electronic excitation temperatures, were also published in the 
literature. Various geometries, gases or mixtures of gases, as well as different transitions were 
investigated. A synthesis of relevant studies is further presented. 
A particular attention is given for the rotational temperature in such high collisional 
and non-equilibrium systems, since it can be an indication of the gas temperature. 
The influence of metastables on rotational temperatures in dielectric barrier discharges 
in He-N2 mixtures was investigated by [BIBINOV et al., 2001]. They indicated that the 
rotational temperature of the first negative system (transitions N^B—>X)) depends on the 
nitrogen partial pressure, behavior which can be attributed to changes of the gas heating, 
while that derived from the second positive system (transitions H(C—>B)) is constant. 
Another research group studied the axial and radial distribution of the gas temperature 
derived from the ion molecular nitrogen emission of the N+2(B—>X) transition spectrum in 
divergent fields. The DBD plasma was created in two different geometries of atmospheric 
pressure helium and helium - nitrogen dielectric barrier discharges, [POENARJU et al., 
2006]. The geometries proposed by the authors were the needle-plane and cylinder-plane. The 
authors reported that an increasing of the rotational temperature from the dielectric surface 
(near the plane electrode) to the needle tip for the needle-plane geometry, while for the 
cylinder-plane geometry, the rotational temperature is near constant at the surfaces, showing a 
minimum in the mid-gap. For the needle-plane geometry, it was shown by the authors that the 
rotational temperature increases with the radial distance, measured near the dielectric surface. 
Comparison between the rotational and vibrational temperatures determined from the 
N2 Second Positive System in a cylindrically DBD operated in Ne with traces of nitogen, 
demonstrated large differences between their values [MASOUD et al., 2005a]. The authors 
reported that both temperatures present similar behavior as a function of applied power, while 
their behavior in the pressure interval of 200-600 Torr, is different: a constant rotational 
temperature of 360 K is determined, whereas the vibrational temperature decreases from 
3030 K to 2270 K. 
[NERSISYAN et al., 2004] studied the optimum conditions for achieving a uniform 
DBD, in helium flow of an open air reactor. The authors concluded that the gas flow 
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adjustment permits to obtain a uniform discharge, for which the discharge current shows a 
maximum, while the measured gas temperature remained at about 360 K. 
[CHIPER et al., 2004] performed optical and electrical measurements in DBDs 
operated in He/air and He/N2 mixtures. They concluded that in He and at rather low nitrogen 
concentrations, the glow discharge mode is obtained, while the filamentary mode is achieved 
at higher nitrogen amounts. The rotational temperature determined from N2+ transitions 
shows values between 400 and 440 K, depending on the nitrogen amount in He/N2 mixture. 
Characterization studies on the DBD torch used in this work were performed lecently, 
in order to determine the three excitation temperatures: rotational, vibrational and electronic, 
in the gap-space and afterglow regions [IONASCUT-NEDELCESCU et al, 2007]. The 
values obtained are consistent with the results obtained in the literature, [MASOUD et al., 
2005a, NERSISYAN et al., 2004, CHIPER et al., 2004], although slight differences 
depending on the torch configuration and operating conditions exit. 
Apart form the nitrogen molecular or ion nitrogen molecular bands used for 
determining the rotational temperature, the CH (AA-X FT) emission in a DBD operated in 
methane, using Boltzmann plots was performed by [NOZAKI et al., 2001b]. The C2 Swan 
bands were also analyzed in a DBD by [MOTRET et al., 2000], and the OH bands were 
employed to determine the rotational temperature [MOTRET et al, 1997]. 
An important characteristic parameter for plasma processing is the gas temperature, 
determined not only as an approximation from the rotational spectra, but also by other 
methods, such as spectral line broadening. In weakly ionized gases with relatively low gas 
temperature, collisions between the emitter and neutral species are important [MAN et al., 
2004]. The Doppler and the Van der Waals broadening mechanisms are directly related to the 
gas temperature. Line shape analysis also permits one to determine the electron density, for 
hydrogenic and non-hydrogenic profiles by the Stark effect analysis. Details of the 
mathematical expressions relating the broadening line width to the plasma characteristics, as 
well as the different tabulated parameters are well established for many transitions and were 
published in the literature, [GRIEM, 1964, GRIEM, 1974, WIESE, 1965, and ALI et al , 
1965]. 
Spectral line broadening method can be applied either using emission spectroscopy, 
but also by absorption techniques. For example, [KUNZE et al , 2002] used diode laser 
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absorption spectroscopy for the argon transition in order to determine the gas temperature and 
electron density in a low pressure DBD. Their results showed that the excited atoms were 
confined to a very small volume, and the gas temperature is of the order of 1000 K, while the 
electron density is greater than 1015 cm"3. These values are larger than the usually determined 
values in atmospheric pressure DBDs. Diode Laser Absorption Spectroscopy (DLAS) was 
also performed by [PENACHE, 2002, and PENACHE et al. 2002] using argon transitions to 
determine both the gas temperature and the electron density, in a high pressure 
microdischarge. 
As reported by the authors, for the first time the electron density in single filamentary 
micro discharge produced by an atmospheric pressure DBD was directly measured by line 
profile analysis of argon (696.5 nm) transition [DONG et al, 2005]. The authors concluded 
that the electron density is about 3*1015 cm"3 if the electron temperature is 10000 K, and 
increases with the applied voltage. 
The estimated upper limit of the electron density in the actual DBD configuration in 
He flow is found to be 4 x 10 cm" , from the Stark effect and the analysis of the hydrogen 
(486.1 nm) line profile [IONASCUT-NEDELCESCU et al., 2008]. This value is consistent 
with the values reported in other investigations [FOEST et al , 2003, MASSINES et al., 2003, 
and KIM et al., 2006] dealing with DBDs similar to the one studied here. 
Optical emission spectroscopy and line shape analysis were employed by [WANG et 
al., 2005] to determine the gas temperature and the electron density in an atmospheric 
pressure microplasma operated in helium with traces of nitrogen and hydrogen. The authors 
used the rotational band of the N2, transition C(v'=0)—> B(v"=2) to estimate the gas 
temperature, while the line shape analysis of the hydrogen (beta) line was employed to 
determine the electron density, for which the Doppler and the Van der Waals effects were 
taken into account. 
A recent study of an atmospheric pressure microplasma jet in mixtures of Ar/CHt and 
Ar/C2H2 was published by [YANGUAS-GIL et al., 2007]. The authors employed the OH 
rotational band to estimate the gas temperature - lower than 400K, while the Hp line shape 
analysis was applied to determine the electron density around 8 x 1014 cm"3. The Doppler and 
Van der Waals effects were taken into account for the line shape analysis. 
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Even though most of the studies involving line-shape analysis were carried out for Hp 
or Ar lines, broadened profiles of other transitions, were also studied. Such an example is the 
investigation of the pressure broadened profile of the 1083 nm helium transition, by laser 
absorption spectroscopy, published by [TACHIBANA et al., 2005], in dielectric barrier 
discharges operated at around atmospheric pressure. The authors investigated two DBD 
configurations, a parallel plate and a cylindrical mesh-type configuration, and found electron 
densities in the range of (1011 - 10 ) cm" , for pulse voltages at around 1 kV - 2.5 kV, at a 5 
kHz frequency provided by a bipolar pulse power with a square wave. 
In the present study, line shape analysis of the He (587.5 nm) and Hp transitions were 
used to determine the gas temperature and the electron density. Two parametrical expressions 
were derived, one for each studied line, for the DBD torch configuration presented in chapter 
3[IONASCUT-NEDELCESCU et al., 2008]. Moreover, the rotational temperature deduced 
from the ion nitrogen molecular transition was compared with the gas temperature deduced 
from line shape analysis, and their variation as a function of the applied voltage was 
investigated. 
Many experimental and theoretical studies have been carried out in order to determine 
the electron temperature and electronic excitation temperatures in DBDs, or in other similar 
non-equilibrium plasmas. Models of the DBDs indicate electron temperatures in the range of 
1-10 eV, [ELIASSON et al, 1991a, and ELIASSON et al., 1991b]. Since the atomic excited 
states are generally created by direct collisions with the energetic electrons, it is expected that 
both electron temperature and electron excitation temperature follow the same behavior. The 
electronic excitation temperature determined by optical spectroscopy is usually lower than the 
electron temperature, but is a good indication of the energy distribution in such non 
equilibrium systems. Such an example is provided by [LIU et al., 2002], in a CHt - DBD 
plasma, where the electron temperature determined by Langmuir probe was in the raige of 3 
- 5 . 8 eV, while the excitation temperature derived from hydrogen lines was in the domain of 
6.3 x 103 - 7.8 x 103 K, when the p*d (pressure*gap distance) product was decreased from 14 
to 4 Torr*mm. 
The variation of the electron excitation temperature with the applied voltage or the gas 
flow rate, in an argon plasma produced by a DBD, was recently investigated by [DONG et 
al., 2007], using the ratio of two emission line intensities corresponding to the Ar transitions: 
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763.5 nm and 772.4 nm. The authors found that the electronic excitation temperature 
increases with the applied voltage, but decreases with the gas flow rate, and the reported 
values are in the range of 0.1 - 0.5 eV. Additionally, the authors found differences between 
the static-gas and flowing gas-operation. 
Comparison between the electronic excitation temperature and the vibrational 
temperature determined from the N2 second positive system, and their behavior as a function 
of the applied voltages were also investigated by [DONG et al, 2005]. They found that both 
temperatures increased with the applied voltage, but a higher variation was achieved for the 
electronic excitation temperature. 
Electronic excitation temperatures were also determined in a cold plasma jet obtained 
in a capillary dielectric barrier discharge operated in helium gas, as reported by [SUN et al., 
2006]. The authors report an increase of the electronic excitation temperature, determined by 
Boltzmann plot of He lines, with the applied power, and the values obtained ranged in 
temperature interval of 2000 to 3000 K. 
In the present work [IONASCUT-NEDELCESCU et al., 2007] the electronic 
excitation temperature is about 3000 K in He operated DBD plasma at atmospheric pressure, 
in the afterglow and in the gap-space regions. 
Concerning the trend of the electronic excitation temperature with the gas 
composition, it was pointed out by E. Stoffels and co-workers, that at the same power level, 
the helium plasma has the lowest excitation temperature as compared to other gases 
[STOFFELS et al., 2002]. A similar behavior is observed for the electron density change with 
the gas composition, investigated by [MORAVEJ et al., 2004]. The authors found that the 
electron density in pure argon plasma is one order magnitude higher than its value in pure 
helium plasma. 
Electrical characterization of dielectric barrier discharges was performed by many 
authors, and important electrical parameters such as the voltage-current characteristics, the 
power consumption in the discharge, the energy transferred in one cycle, or the dielectric and 
total capacitances, were determined. Generally, the wave forms of the current and voltage can 
be visualized on an oscilloscope screen, either in normal mode showing temporal variation of 
current and voltage or in the X-Y mode, showing voltage/charge Lissajous figures. U. 
Kogelschatz presents a synthesis of the main physical parameters and their associated 
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mathematical expressions related to the electrical characteristics derived from the current-
voltage diagrams, or Lissajous figures, [KOGELSCHATZ, 2003]. The current- voltage wave 
forms have been extensively used to determine the filamentary or homogenous character of 
dielectric barrier discharges. In the non-filamentary mode, the current curve shows only one 
maximum per half frequency cycle, whereas in the filamentary mode many spikes are 
observed. Such studies have been carried out by many authors, as for example [FANG et al., 
2007], who determined the factors that influence the stability and the homogenous character 
of an atmospheric pressure discharge operated in air. [MA et al., 2002] used the Lissajous 
figures to determine the energy transferred in each of the three dielectric materials used: 
glass, teflon, and a glass fiber-based epoxy resin. [KOSTOV et al., 2007] used the Lissajous 
figures to investigate the effect of the reactor geometry on the discharge power, in a DBD 
reactor for material treatment. [GIBALOV et al., 2004] used the Lissajous figures to verify a 
simulated model for the current-voltage characteristics in a DBD, whereas [YANZHOU et 
al., 2004] used the Lissajous figures to determine and to compare the dissipated power in a 
cylindrical DBD and a wire-cylindrical DBD corona discharge. 
Finally, another important issue related to plasma processing technology is the 
knowledge of the excited species and the excitation and destruction mechanisms, since they 
strongly influence the chemical reactions. Generally, particular attention is given to the 
metastables states, because of their long lifetimes. Consequently, many investigations dealing 
with different excitation mechanisms were performed. 
The role of the metastable states, such as He, Ar, or nitrogen molecular- metastables 
was pointed out in different publications. For example, the evolution of the metastable 
species as a function of pressure was studied by A. Sublet and co-workers, in a DBD operated 
in He and Ar [SUBLET et al., 2006], or the energy transfer from argon metastables to atomic 
nitrogen and oxygen in DBD, was investigated by [MASOUD et al., 2005b]. 
Other excitation mechanisms, such as the photoexcitation mechanisms in excimers 
were largely studied by [BIBINOV et al., 1982, BIBINOV et al., 1983]. [KOGELSCHATZ, 
2003] pointed out the mechanism formation of ozone, indicating that three body processes 
with O atoms, O2 molecules and a third partner are responsible for the creation of Q 
molecules, while [STEFANOVIC et al., 2001] studied the kinetics of ozone and nitric oxides, 
in DBDs. 
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To summarize, the results obtained in the actual work, part of them already published 
in the literature, [IONASCUT-NEDELCESCU et al., 2007, IONASCUT-NEDELCESCU et 
al., 2008], regarding the temperatures and electron density values, are in accordance with the 
literature [MASOUD et al, 2005a, NERSISYAN et al., 2004, CHIPER et al., 2004, FOEST 
et al., 2003, MASSINES et al., 2003, and KIM et al., 2006]. Nevertheless the present study 
deals with a particular DBD torch geometry, for which a detailed characterization of its 
properties is required. 
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CHAPTER 3 
EXPERIMENTAL SET UP 
This chapter is dedicated to the presentation of the experimental set-up used in the 
present study. In the first section, the schematic diagram of the DBD torch is presented, and 
the different components are described. The second section contains a schematic view of the 
optical set-up used for spectra recording. In the third section the electrical set-up, as well as 
the associated electrical characteristics of the discharge under different operating conditions, 
are presented. It includes a theoretical calculation of the total and dielectric capacities based 
on the torch design, as well as their experimental determination, derived from the Lissajous 
diagrams. 
3.1. The DBD torch 
The plasma ignition and hence the generation of the plasma take place in the gap-
space region of the torch, referred to also as the active region. The form of the gap-space is 
annular, and the shape of the DBD torch is cylindrical. The schematic view of the torch is 
presented in figure 3.1, in which the main component parts are indicated by numbers. In the 
following sections a detailed description of the main torch components with their associated 
dimensions, starting from the exterior part to the interior one, are presented. 
The exterior wall of the torch (1) is a quartz cylinder, whose exit has the form of a 
funnel. Its total length is 228.5 mm, and the wall thickness is 1.5 mm. Starting from the base, 
the cylinder has a length of 188.5 mm. Its upper narrow part has an inner diameter of 10 mm. 
The cylindrical base is wrapped with a 100 mm length and about 1 mm2 mesh area thin 
metallic mesh, numbered 2 in the figure. It is additionally attached to the quartz cylinder by 
three metallic rings, equidistantly placed. The mesh represents the outer grounded electrode 
of the torch. In order to perform optical collection of the light, the mesh has additionally 
20 
openings in the form of 10 x 10 mm2 area squares placed equidistantly along the length of the 
mesh. The empty space between the outer quartz wall (1) and the next inner quartz electrode 
(numbered 4) represents the 3 mm radial width gap-space region, or the active region 
(numbered 6). The quartz tube (4) has an inner diameter of 22 mm and an outer one of 24 
mm, with a total length of 212 mm. The next inner part is the high voltage (HV), a 316 
stainless steel electrode (3). It is a 300 mm double walled cylinder, to allow water circulation 
for cooling. The cooling water used was tap water. The outer diameter of the stainless steel 
electrode measures 19.25 mm, while the inner one is 13 mm. The two perpendicularly 
oriented tubes, numbered 5 and 8, allow the inlet and the outlet of the cooling water. An 
additional tube placed perpendicularly to the gap-space, is used as the first gas inlet. The last 
part of the DBD assembly is the most inner quartz tube (10) which is electrically insulated 
from the HV electrode, having outer and inner diameters of 6 mm and 4 mm, respectively, 
with a total length of 377 mm. The role of this tube is to provide a second gas entrance, for 
the addition of a second precursor gas during material processing. This tube can be used for 
gas injection in the afterglow region and can be displaced in the axial direction. 
A schematic view of the DBD torch assembly is presented in figure 3.2. The bottom 
part of the torch assembly is mounted on a Delrin® insulating material with four O - ring 
seals to ensure a good connection with the quartz tubes. All the connections for gas and 
water inlet or outlet are made from Teflon®. 
For safety purposes and for electromagnetic shielding the entire torch was fixed in 
vertical position inside a Faraday cage. Four volume flow meters permitting different gases to 
be introduced in the discharge were also mounted on it. To ensure horizontal and vertical 
degrees of freedom needed for the optical alignment and measurements, the torch was 
mounted on two devices provided with micrometric adjustments. Thus, the position of the 
torch can be easily controlled in the horizontal or vertical directions by fine adjustments. In 
order to perform optical measurements of the different regions of the discharge, and taking 
into account the long axial extension of the plasma, a third device was used to support the 
torch. It permits the approximate adjustment for the axial position of the torch. The schematic 
representation of the Faraday cage is shown in figures 3.3-a) and 3.3-b), with the 
characteristic dimensions indicated in the figures. 
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10 - Second gas outlet 
with variable 
axial position 
6 - Gap-space 
region, 3 mm 
discharge gap 
7 - First gas 
inlet ^ 
8-Water =• 
outlet 
1 - Quartz tube 
2 - Cylindrical ground 
electrode, mesh-like 
3 - HV electrode, with 
double walls, for water 
recirculation 
4 - Quartz tube 
5 - Water inlet 
9 - Quartz tube, 
for second gas inlet 
Figure 3 . 1 - Schema of the DBD torch - front view. 
The Faraday cage was provided with rolling supports, which can be either mobile or 
fixed, and hence the entire device can be easily positioned at the desired position. For optical 
purposes, but also to ensure the in - line control during the running process, two windows 
arranged face - to - face, in the form of metallic meshes were also provided in two of the 
cage walls. Hinged panels allow the cage walls to be easily opened for inner parts of the 
experimental set-up. Many small openings were provided in the cage walls for access to the 
electrical connexions, for the water recirculation system and for different gas lines. 
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10 mm 
Gap space 
3 mm 
Wire mesh 
100 mm 
length 
O - rings 
Water outlet 
20 mm 
20 mm 
188.5 mm 
First gas inlet 
Water inlet 
Delrin 
Second gas inlet 
Figure 3.2 - Schema of the DBD torch- longitudinal section. 
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ure 3.3.a) - Schema of the Faraday cage, details of dimensions, displacements and optical 
windows. 
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ure 3.3.b) - Schema of the Faraday cage, details of electrical, gas and water connections. 
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3.2. The optical set-up 
The optical arrangement used for spectra recording is a typical set up used for 
emission spectroscopy. Its schema is presented in figure 3.4, in which the different 
components are identified. 
Figure 3.4 - Schema of the optical set up. 
The image of the object is focused by a 250 mm focal length lens, on the entrance slit 
of the lm focal length Jobin - Yvon spectrometer. A holographic diffraction grating, with 
1200 lines/mm is fitted inside the spectrometer. In the following section, the principle of the 
detection method used for spectra recording is presented. 
The detection system is composed of a side-on photomultiplier tube (PMT), 
Hamamatzu model, R 928, equipped with a thermoelectric cooling unit, PC 177 CE. The 
output signal from the PMT is measured by a picoammeter, (Keythley 6485-). The data 
obtained are transmitted to the data acquisition card (DAQ), model M series, National 
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Instruments. The user interface is a virtual instrument panel, obtained via a Labview program. 
The grating position is controlled by Instruments SA Inc. controller, connected to a step 
motor. 
3.3. The electrical set up 
In this section, the electric equivalent circuit of the torch and the entire electric set up 
is presented. All the measuring instruments, including the oscilloscope, the PC, and the 
picoammeter were placed inside of a second Faraday cage. Figure 3.5 shows the electrical 
circuit used in this study. As follows from the schema of figure 3.5, the equivalent circuit of 
the DBD torch is represented by two series capacitances, denoted by Coiei.i and Coiei.2- They 
correspond to the two quartz walls used as dielectric barriers, as presented in figure 3.1. In 
addition, a third series capacitance, representing the gas capacitance, denoted Cbas in parallel 
with the gas resistance, Rcas, representing the plasma, completes the electric equivalent circuit 
of torch. In order to stabilise the discharge a high voltage condenser, CHV, of 300 pF 
capacitance is connected in parallel with the torch. The voltage is recorded by the y-channel 
of the oscilloscope; model Lecroy 9310 L, using a high voltage probe with an attenuation 
factor of 1000:1, model Tektronix P 6015A. The charge transferred across the discharge gap, 
Q is obtained by integrating the current with a 50 nF measuring concfenser, CMeas, connected 
in series with the torch. The signal is then recorded by the x-channel of the oscilloscope, 
using a probe with an attenuation factor of 10:1, model Tektronix p6122. In this way, 
Lissajous figures or voltage-charge (U - Q) diagrams, can be visualised on the oscilloscope, 
and were constantly used for monitoring the torch operation. The power supply used is a 
commercial PolyDyne™ 1, 3 DT Corona Treating Systems. The operating voltage can be 
varied between 4.2 kV and 15 kV (peak), while the frequency is about 25 kHz. Continuous 
operation is used in this study. The main characteristics of the power supply are specified in 
table 3.1. The adjustment of the input power is performed via the applied voltage. Both, the 
power and the voltage applied are specified on the power supply screen. Figure 3.6 shows the 
variation of the torch input power with the voltage applied, for the torch operated in helium, 
at a flow rate of 9 slpm. It is noticed that the power increases almost linearly with the applied 
voltage. 
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, DBD Torch 
Channel Y 
Channel X 
Figure 3.5 - Electrical equivalent circuit. 
TABLE 3.1 Principal characteristics of the power supply 
CHARACTERISTICS OF THE CORONA GENERATOR 
HIGH VOLTAGE 
HIGH VOLTAGE 
ADJUSTMENT 
FREQUENCY 
Up to 15 kV peak, depending on configuration 
From 4.2 kV - 15 kV, stepless, (38 % - 100 %) 
20 - 25 kHz at full load 
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Figure 3.6 - The variation of the power delivered to the torch with the applied voltage, for the 
helium discharge, at atmospheric pressure 
3.4. Theoretical and experimental determination of the electric characteristics 
In order to confirm the correct operation of the torch, and to use the Lissajous 
diagrams as monitoring system, the electrical characteristics of the torch are calculated and 
are compared to those deduced experimentally from the U-Q diagrams. Following the 
diagram of figure 3.5 and taking into account the design specifications presented in the 
section 3.1, the electrical characteristics calculated are: Cbieii, Coiei2, CGas- For this particular 
design (figure 3.1), a fourth additional capacitance has to be taken into account, and it 
corresponds to the air layer sandwiched between the HV electrode and the inner quartz tube, 
denoted by CAD, the additional capacitance. 
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Voltage, V 
c^> 
1. 
2. 
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Power 
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1 /tga 
1/ tgP 
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Charge, Q 
Figure 3.7 - Schema indicating the main electrical characteristics and their expressions. 
For a cylindrical condenser of a length!, an external radius Re, and an internal radius 
Ri, the capacitance is calculated using the expression: 
2nL 
C = e0er (3.1) ln(Re/R,) 
where£0 is the absolute permittivity of the vacuum and sr is the relative dielectric 
permittivity. 
Following the dimensions of each component of the torch, given in the first part of 
section 3.3, one obtains the following values: 
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• Re = 16.5 mm, and Rj = 15 mm, for Coieii; 
• Re = 12 mm, and Rj = 10 mm, for Coiei2; 
• Re = 15 mm, and Rj = 12 mm, for Ccasi 
• Re = 11 mm, and Rj = 10 mm, for CAD, and 
• L = 0.1m. 
Considering sr = 3.75 for the quartz and s0 = 8.854 x 10"12 (F/m), the calculated 
capacitances are: Coieii = 0.219 nF, Coiei2 = 0.24 nF, CGas = 0.0249 nF, and CAD = 0.058 nF. 
Therefore, the total capacitance is Grotai = 15.13 pF, and Coiei = 114 pF. 
A schematic representation of a Lissajous figure and the associated expressions which 
can be experimentally determined are illustrated in figure 3.7. As it follows from this figure, 
the total capacitance of the torch is determined by the inverse of the slope, i.e.l / tg a. The 
capacitance of the dielectric only is deduced from the inverse of the slope(3, respectively 1/tg 
p. The area enclosed represents the electric energy dissipated during one cycle, and the power 
is obtained by multiplying this value by the operating frequency. 
The Lissajous figure recorded in pure argon operation, at a flow rate of 15 1/min is 
presented in figure 3.8-a). Both modes of the oscilloscope were employed, and the recoded 
diagrams for voltage and charge are presented in figure 3.8-b). The frequency is 20 kHz, and 
the determined capacitances are: Qotai = 20 pF ± 5 pF, and Coiei = 100 pF ± 20 pF. The 
associated errors are mainly due to the imperfect shape of the parallelogram. Comparing these 
values with those previously obtained theoretically with the relation (3.1), one can observe 
that they are in agreement. The energy consumed per one cycle, W = 12.25 mWs, and the 
power is P = 250 W. Raising the input power, the area of the Lissajous figure becomes larger, 
and consequently the energy deposited into the discharge in one cycle becomes higher. Such 
an example is presented in figure 3.9, were the operating conditions are the same ss for figure 
3.8, except for the applied voltage. For comparison purposes, both diagrams are included in 
figure 3.9. Similar Lissajous figures were obtained for other gases or mixtures of gases. Such 
an example is presented in figure 3.10, where the torch was operated in a mixture of helium 
and air. 
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Figure 3 .10- Example of a Lissajous figure of the torch operated in a mixture of He-air; lu 
(Charge) = 500 nC, lu (Voltage) = 3.5 kV, and lu (Time) = 10 us. 
As it is observed from the figure 3.10, the Lissajous diagram of the torch operated in 
mixture of helium- air is similar with that of argon, the shape being close to a parallelogram. 
From the above results it is concluded that electrical characteristics of the torch in the 
form of the Lissajous diagrams can be used for on-line monitoring of torch operation, and 
thus ensure correct and safe manipulation. They can be used for all operating parameters, 
regardless the kind of the gas employed. 
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CHAPTER 4 
PLASMA CHARACTERISTICS AT DIFFERENT OPERATING CONDITIONS 
In this chapter an overview of the torch characteristics is presented. The visual 
physical properties of the gap-space and afterglow plasma, as the color, shape and length 
extension at various torch operating conditions are presented and compared. In the first part, 
section 4.1, photos of the torch operating in helium flow are presented. The physical 
properties of the discharge are investigated over a wide range of flow rate and injected power. 
The study allows obtaining information about the plasma stability and itsphysical appearance 
at different torch operating parameters. In the following part, section 4.2, the torch operating 
in helium-argon mixtures with different concentration ratios is presented. The gap-space and 
afterglow plasma characteristics in argon flow are investigated and presented in the section 
4.3. In the last section, number 4.4, the plasma characteristics in helium and argon flows, 
when the afterglow is surrounded by a quartz tube, are presented. The results indicate thatby 
shielding the plasma stream from the surrounding air, the excited species are found as far as 
45 cm away from the active region. The quenching effect of the afterglow through mixing 
with the entrained air is discussed. 
4.1. DBD torch operation with helium 
4.1.1. Gap-space and afterglow characteristics 
In order to investigate the plasma stability during the experiments performed, as well 
as the influence of parameters on the plasma characteristics, photos of the DBD torch 
indicating the gap-space and the afterglow regions were taken at different times. Particular 
attention is paid to the afterglow region, as it extends into ambient air, where the influence of 
the ambient air on the quenching of the plasma stream is observed As the results presented in 
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the next sections are based on the variation of the plasma characteristics with different 
parameters, the plasma stability at fixed operating conditions was studied first. For this 
purpose, pure helium was injected in the torch, while the input parameters were set at fixed 
values, namely V = 10.7 kV, P = 450 W, and Q = 9 slpm (He). The photographs of the torch 
were taken at half hour intervals of running time, after many adjustments of the flow rate and 
of the applied voltage. The results are presented in figure 4.1. The photographs were taken 
with the same camera settings, at an exposure time of 1/8 s, and a value of 3 for the aperture. 
Figure 4.1 - Photographs of the gap-space and afterglow plasma in He flow (V = 10.7 kV, P = 
450 W, Q = 9 slpm (He)) at different time measurements. 
First of all, it is noticed that the gap-space and the afterglow plasma shows different 
colors. The gap-space region appears pinkish while the afterglow is bluish. This observation 
is explained by a higher intensity of the electronic vibrational bands of N2 - first positive 
system in the gap-space as compared to the afterglow region. The detailed analysis of the 
light emitting species of both regions is presented in chapter 5 and has already been reported 
[IONASCUT-NEDELCESCU et al., 2007]. Regarding the color distribution over the plasma 
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volume, it is noticed from figure 4.1, that plasma from the gap-space region appears to be 
more uniform than that from the afterglow. Also, the observed light intensity with respect to 
the volume shows a higher uniformity in the gap-space as compared to the afterglow region. 
Nevertheless, the length of the visual afterglow can be measured with an accuracy of about 
lcm. 
4.1.2. Influence of the gas flow rate on the gap-space and afterglow plasma 
In this section, photographs of the gap-space and afterglow regions were taken at 
different helium flow rate values in the range of (1 - 40 slpm), while the applied voltage and 
hence the input power were fixed at the following values: V = 10.7 kV, P = 450 W. At these 
conditions, the characteristics of the gap-space and afterglow are shown in figures 4.2 and 
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13 slpm 15 slpm 17 slpm 20 slpm 25 slpm 40 slpm 
Figure 4.3 - Characteristics of the He plasma, at V = 10.7 kV, P = 450 W, and different gas 
flow rates. 
It can be noticed that the afterglow length increases with the helium flow rate up to 17 
slpm. A further increasing of the flow rate gives rise to a reduction of the visual afterglow 
length. The afterglow length was measured from the nozzle top and the values obtained are 
indicated in table 4.1. The afterglow length variation with the He flow rate is shown in the 
graph of figure 4.4.-
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TABLE 4.1 Length of the afterglow plasma, gas velocity at the nozzle and Reynolds numbers 
as a function of helium flow rate, at 10.7 kV and 450 W. 
He Flow rate 
(slpm) 
1 
3 
5 
7 
9 
11 
13 
15 
17 
20 
25 
40 
Afterglow. Length 
(cm) 
1.4 ±0.5 
2.3 ±0.5 
3.7 ±0.5 
5.4 ±0.5 
6.3 ±0.5 
6.7 ±0.5 
7.0 ±0.5 
7.5 ±0.5 
8.8 ±0.5 
8.4 ±0.5 
7.5 ±0.5 
6.6 ±0.5 
Gas Velocity 
at the nozzle 
(m3/s) 
1.66 xlO"5 
4.98 xlO5 
8.30 xlO"5 
11.62 xlO"5 
14.94 xlO"5 
18.26 xlO"5 
21.55 xlO"5 
24.90 xlO"5 
28.22 xlO"5 
33.20 xlO"5 
41.50 xlO"5 
66.40 xlO"5 
Reynolds Number 
8.46 
25.32 
42.30 
59.22 
76.14 
93.06 
110.0 
126.90 
143.82 
169.20 
211.50 
338.40 
In order to found if the outflowing gas at the nozzle is laminar or turbulent, the 
velocity (v) and the Reynolds Number (Re) are calculated for all the values of the gas flow 
rate. Table 4.1 contains the obtained values for v and Re. The gas velocity at the nozzle is 
calculated from the gas flow rate (Q), taking into account that the nozzle diameter, d is 10 
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mm. The area of the transversal section of the cylindrical nozzle, S is 78.5 x 106 m2, and it is 
obtained from the following expression: 
S = — (4.1) 
Knowing the values of the volume gas flow rates (table 4.1) and the S value, the gas 
velocity at the nozzle is then calculated from the relation: 
v = Q- (4.2) 
S 
The values obtained are tabulated in table 4.1. 
The Reynolds number is defined by the relation: 
* = ^ (43) 
v 
where v is kinematic viscosity coefficient in units of rrrVs, which in turn can be expressed as 
v = -2- (4.4) 
P 
In the above relation, n is the dynamic viscosity coefficient in units of Kg / (mx s) and p is 
the gas density. Both terms, n and p depend on the temperature. In the actual experiment the 
helium gas is used, and the gas temperature at these experimental conditions is considered to 
be 460 ± 60 K, the value which is determined in chapter 6 to be the gas temperature. 
The dependence on the temperature of the gas density can be expressed as: 
P>=P2f- (4-5) 
* i 
where pi is the gas density at the temperature Ti, while p2 is the gas density at T2. Knowing 
the helium density at normal conditions to be 0.166 Kg/m3, it is deduced that at 460 K, the 
helium density is 0.105 kg/m3. 
For TJ, the dependence on the temperature can be expressed by the Sutherland formula, 
which is expressed as: 
n=n0^§(T/T0Y'2 (4.6) 
where n is the dynamic viscosity coefficient at the temperature T, and r|0 is the dynamic 
viscosity coefficient at the temperature To or 273 K. For helium, C = 79.4, and T|o = 19 x 10"6 
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Kg / (m x s), which is introduced in expression (4.6) and gives r| = 2.7 x 10"5 for helium, at 
460 K. Using expression (4.4), the kinematic viscosity coefficient of helium at 460 K is 
calculated and it is found to be 2.5 x 10 (m /s). Introducing this value in expression (4.3), 
the Re is calculated for all the gas flow rates and the results are tabulated in table 4.1. The 
maximum value for Re is found to be much low than 2000, indicating that in the nozzle the 
helium gas flow is laminar, for the helium flow rates up to 40 slpm, at 10.7 kV, and 450W. 
10 20 30 
Helium Flow Rate (slpm) 
40 50 
Figure 4.4 - Visual afterglow length variation with the helium flow rate 
A linear increase of the afterglow plasma length with the flow rate is observed up to 
10 slpm followed by a maximum at about 20 slpm. A further increase of the flow rate up to 
40 slpm, gives rise to a slight decrease of the afterglow length and a volume expansion of the 
afterglow. This phenomenon is attributed to quenching of the plasma flow due to mixing with 
entrained air. 
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4.1.3. Influence of the input power on the gap-space and visual afterglow plasma 
The power effect on the plasma characteristics was studied at fixed helium flow rate, 
while the applied voltage was increased from 5.8 kV to 10.8 kV in steps of 1 kV. 
V = 5.8kV V = 6.8kV V = 7.8kV V=8 .8kV V = 9.8kV V=10.8kV 
Figure 4.5 - Characteristics of plasma in He flow at 9 slpm and different applied voltages. 
Photographs of both, the gap-space region and the afterglow were taken at a He gas 
flow rate of 9 slpm. These photographs illustrate that the intensity of the light emitted from 
the gap-space and from the afterglow region increases with the increase of the applied voltage 
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or injected power. This effect is attributed to an increase of the excited species density, as the 
applied voltage or power is raised. 
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Figure 4.6 - Visual afterglow plasma length variation with the applied voltage, Q = 9 slpm 
(He). 
The power effect on the He line intensity and Hp emission which is always detected as 
trace impurity in He flow, will be presented in detail in chapter 6, section 6.1, showing the 
same behavior as discussed above. From figure 4.5 it is noticed an increase of the visual 
afterglow with the applied voltage with a maximum at 7.8 kV, followed by a decrease up to 
10.8 kV. 
The afterglow shows a larger spread at lower voltages. Figure 4.6 shows the measured 
afterglow length from the exit of the nozzle top to the end of the visible region as a function 
of the applied voltage at a fixed helium flow rate. 
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4.2. DBD torch operation with mixtures of H e - Ar 
Because the optical characteristics of the plasma, particularly those of the afterglow 
region of the torch, large differences between the physical appearance of the plasma in pure 
helium operation as compared to pure argon is observed. The visual transition between pure 
He flow and pure Ar flow is presented in the next section. 
4.2.1. Gap-space and afterglow characteristics as a function of the(He/Ar) ratio 
The torch characteristics operating with a mixture of He and Ar are studied for a fixed 
applied voltage and variable flow ratio of the two gases, Q(He)/Q(Ar). 
Q(He) (slpm): 9 4.5 0 
Q(Ar)(slpm): 0 4.5 9 
Figure 4.7 - Characteristics of plasma in mixture He-Ar, at different ratios (V = 10.7 kV, P = 
450 W). 
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The total flow rate was kept constant at Q(He)+Q(Ar) = 9 slpm. In the first case, 
helium was used, while in the second case the He flow rate was equal to the Ar flow rate, at 
4.5 slpm. In the last experiment only pure Ar was used. The photographs from the both 
regions, the gap-space and afterglow and the torch operating conditions are shown in figure 
4.7. From the figure 4.7 it is observed that the addition of argon to the helium discharge 
changes the color of the light emitted from the gap-space region, which indicates a changing 
of the active species composition. The detailed characteristics of the emission spectra in the 
wavelength range of (3000 - 8000) A of the pure He and different He based mixtures 
including that of the He-Ar are discussed in chapter 7. 
In the next section attention is given to the afterglow characteristics. 
It is clearly observed that the addition of the argon results in a less bright afterglow 
plasma compared to that of the pure He operated torch. Moreover, when the torch is operated 
in pure argon, there is no visible afterglow, at least in the visible wavelength domain. 
4.3. DBD torch operation with Ar 
4.3.1. Influence of the gas flow rate and power on the gap-space and afterglow plasma 
In this section, the torch operated in pure Ar is presented. In the next experiments the 
argon flow rate was increased in the range of 9-45 slpm, at 10.7 kV, to observe its influence 
on the afterglow. 
The applied voltage was further increased to 11.7 kV. The photographs of the gap-
space and afterglow regions at these experimental conditions are presented in figure 4.8, on 
which the operating conditions are specified. It is observed that the increase of the argon flow 
rate of at higher levels, up to 45 slpm, does not give rise to an extended afterglow in the 
visible region, contrary to what was observed with the torch operated in pure helium. The 
same effect is observed at the highest voltage applied, of 11.7 kV. 
4.4. DBD torch operation with helium and argon, with protected afterglow 
4.4.1. Influence of the gas flow rate and power on the gap-space and afterglow plasma 
Figure 4.9 shows the visible afterglow length variation with the gas flow rate in the quartz 
tube and in open air. 
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Q(Ar)(slpm): 9 15 30 45 45 
V=10.7kV V=10.7kV V=10.7kV V=10.7 kV V=11.7kV 
P=460W P=460W P=460W P=460W P= 500 W 
Figure 4.8 - Characteristics of the gap-space and afterglow plasma in Ar flow. 
In order to understand the influence of the mixing between surrounding air and the 
afterglow, the variation of the afterglow length with the different operating parameters, as the 
gas flow rate and applied voltage, was studied in helium and argon flows, by shielding the 
afterglow with a quartz tube attached to the end of the nozzle top. The tube attached has the 
same inner and outer diameters as the exit of the torch, while its length is 45 cm. By 
measuring the length of the afterglow in pure helium operation, it is observed that the 
afterglow extends much more, as compared with the open atmosphere operation. These 
results are consistent for the entire range of the applied voltagesand gas flow rates. 
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3 slpm 4.5 slpm 7 slpm, 
Figure 4.9 - Characteristics of afterglow plasma inside a quartz tube, in He flow, at 10.7 kV 
and 450 W. 
Figure 4.9 presents the photographs of the afterglow, in pure He operation, at a fixed 
voltage of 10.7 kV and at He flow rates of 3, 4.5 and 7 slpm. In this range of gas flow rates 
the visible afterglow length is about three times longer than the one obtained in open 
atmosphere. A further increasing of the gas flow rate, gives a much longer afterglow, and at 
around 9 slpm the afterglow extends beyond the 45 c m - tube length. From figure 4.9, it is 
clearly deduced that the efficiency of the torch regarding the excited species at considerable 
distances away from the active region, further away than 45 cm, dependirg on operating 
parameters, is very high. The above remarks are an indication of the torch efficiency in terms 
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of excited species which could extend beyond 45 cm away from the active region, in quartz 
tube and depending on operating conditions. In other words, the quenching effect of the 
surrounding air on the afterglow length is confirmed. 
V (kV): 5.5 6.5 7 9.5 
Figure 4.10 - Characteristics of afterglow plasma inside a quartz tube, in He flow, at different 
values of the applied voltage, for a He flow rate of 9 slpm. 
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A similar behavior of the afterglow is observed when the helium flow rate is kept 
constant, with the applied voltage raised from 5.5 kV up to 9.5 kV. Again, the afterglow 
length is increased when it is protected by the quartz tube attached to the nozzle top, as 
compared to the open atmosphere afterglow. The photographs of the afterglow at different 
values of the voltage applied and at fixed gas flow rate of 9 slpm, are presented in figure 4.10. 
For moderate gas flow rate (9 slpm), this figure illustrates that the afterglow length still could 
be achieved beyond the 45 c m - tube length, with voltage exceeding 9.5 kV. 
The afterglow length as a function of the helium flow rate, at a fixed voltage applied 
of 10.7 kV and 450 W injected power, is presented in figure 4.11. Both cases are included on 
the graph of the figure 4.11, the shielded and the open atmosphere afterglows. 
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Figure 4.11 - Comparison between the afterglow length with quartz tube and in open 
atmosphere, at various gas flow rates, for a fixed applied voltage of 10.7 kV, and injected 
power of 450 W. 
It should be mentioned that this graph does not contain the values corresponding to 
higher helium flow rates, because at this voltage value and 9 slpm flow rate, the shielded 
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afterglow becomes longer than the 45 cm length- quartz tube. However, it is observed that the 
afterglow length increases with the increasing of the helium flow rate up to 7 slpm in both 
cases. Nevertheless, the shielded afterglow is more than twice longer that the afterglow length 
in open atmosphere. 
Figure 4.12 indicates the afterglow length variation with the voltage or applied power. 
For comparison, the afterglow length variation with the voltage applied, for the open 
atmosphere case is also indicated in the same figure. It is noticed that the afterglow length 
increases with the voltage applied, in both cases, but when the afterglow is protected from the 
atmosphere by a quartz tube, a much more extended afterglow is obtained. The concluaon is 
that in this case too the air entrainment in the afterglow region affects its apparent length. 
Moreover, the torch efficiency regarding the active species is so high that an afterglow length 
extension of more than 45 cm can be achieved. 
50 -i 
40 
[cm
) 
er
gl
ow
 
Le
ng
th
 
NJ
 
CO
 
O
 
O
 
< 
10 
n 
u 
\ 
\ 
\ 
i 
! * 
\ 6 
\ 
Without quartz tube around the afterglow 
/ 
1
 i • * 
8 10 12 14 
Applied Voltage (kV) 
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Finally, the last experiment was done on the pure argon operated torch, in order to 
understand the effect of the air entrainment on the length of the afterglow. A photograph 
indicating the torch operated in pure argon flow with a quartz tube surrounding the afterglow 
is presented in figure 4.13. In the same figure, a photograph of the torch operated at the same 
parameters is shown, in open atmosphere. 
Q(Ar) = 9 slpm, V = 10.7 kV, P= 460 W 
(with quartz tube) (without quartz tube) 
Figure 4.13 - Comparison between the afterglow length with quartz tube (left) and in open 
atmosphere (right), for pure argon operation. 
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Comparing both cases, it is observed that the afterglow is visible with the 45 cm -
quartz tube, as compared to the case in which the afterglow emerges directly into the 
atmosphere. Again, it is concluded that the air entrainment in the afterglow drastically 
shortens the visible afterglow length. 
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CHAPTER 5 
PLASMA TEMPERATURES MEASUREMENT 
BASED ON BOLTZMANN PLOTS 
In this chapter, a detailed characterization of the plasma, from the temperature point of 
view, is presented. Light originating from two regions, the gap-space and afterglow, is 
analyzed and the results are compared. 
The strong non-equilibrium features of DBD plasmas and of cold plasmas at 
atmospheric pressure in general, attracted wide research activities concerning the 
temperatures in such systems. Usually the temperature of the heavy particles is much lower 
than the electron temperature. There are several methods to determine the temperatures in 
plasmas by spectroscopic means. Which of the methods is the best to represent the plasma 
state is an important question. To elucidate this, two independent methods are employed in 
this study. The first one, which is presented in this chapter, is based on Boltzmann plots, and 
the analysis is applied to highly resolved recorded spectra. In particular, to understand the 
energy distribution of the different excitations modes, the rotational, vibrational and 
electronic excitation temperatures are determined in both regions. A comparison of the 
temperature values obtained in each of the two regions is presented, for rotational, vibrational 
and electron excitation temperature. Particular attention is given to the gas temperature, as it 
reflects the heavy particles temperature and hence strongly affects the chemical processes. 
Consequently, a deeper analysis is performed by varying the plasma paameters. Also, a 
second method for determining the gas temperature is employed, and will be presented in the 
next chapter. 
5.1. Rotational temperature 
The rotational temperature is an excitation temperature which gives information on 
the energy distribution of the rotational excited states of a molecule. It is commonly agreed 
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that the rotational temperature in cold plasmas is close to the gas temperature. Nevertheless, 
the gas temperature is defined as the mean kinetic energy, or translation energy, of he gas 
particles and hence differences between the two temperatures are expected. From a dynamical 
point of view, it is believed that when rotational-translational equilibrium is achieved in such 
system, the rotational temperature is closer to the gas temperature. This dynamical 
equilibrium is interpreted in terms of relaxation times and hence explained to occur when the 
rotational relaxation is fast enough to equilibrate the translation of cold gas molecules. 
In this section, the theoretical approach on which the method is based will be 
presented. The molecules, like the atoms, present an internal energy, £. This energy is the 
sum of the electronic, £e, vibrational, Ev, and rotational, Er, energies, being expressed as 
E=Ee+ Ev + Er (5.1) 
In spectroscopy, energies are expressed by considering the spectral terms, and thus the 
internal energy is the sum of the electronic, vibrational and rotational terrrs, as 
E = hc[Te + Ge + Fv] (5.2) 
where Te, Ge, and Fv are the electronic, vibrational and rotational terms. 
The electronic terms are tabulated and the values can be found from [HERZBERG, 
1950]. 
Each energetic level is characterized by a set of quantum numbers, i.e. vibrational, v, and 
rotational, k, quantum numbers. Taking into account these quantum numbers, the term 
associated to the vibrational energy can be expressed as 
G(v) = we(v + 1/2) - w^v + 1/2)2 + weye(v + J/2)3 - ..., (5.3) 
where we, WeXe, and weye are constants for an electronic state. 
For the rotational term, the associated energy depends not only on the electronic state, 
but also on the coupling between the rotation and the angular momentum of the molecule. 
The general form of the rotational energy depends on two constants, B, which is related to the 
rotation, and Dv, being related to the centrifugal distortion of the molecule. These terms can 
be expressed as 
Bv = Be-ae(v + 1/2), (5.4) 
Dv=De-/3e(v + l/2), (5.5) 
where Be, ae, De, and/?,, are constants also tabulated in reference [HERZBERG, 1950]. 
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In this part a detailed discussion is given for the N2+ ion of molecular nitrogen 
rotational transition, B (2^u+, vB = 0) -» X (2^g+, vx = 0). It belongs to the (0,0) vibrational 
band of the first negative system. In this notation, numbers "0" between the brackets denote 
the quantum numbers of the upper and lower vibration states. The energy diagram of this 
transition is presented in figure 5.1. 
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Figure 5.1 - Energy diagram of the N2+, B (2^u+, vB = 0) • 
[HERZBERG, 1950]. 
•X(%+,vx- 0) transition, 
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The superscript "2" refers that the multiplicity of states due to the ebctronic spin, 
which is equal to 2. The symbo][ denotes that the corresponding projection of the angular 
momentum, A, is zero. This state is not degenerate. 
The 2 £ states belong to the (b) case of Hund. In this case the selection rules are: 
A k = ± 1, for the allowed transitions, 
and A k = 0, for the forbidden transitions. 
The first selection rule gives rise to two branches: 
- P branch, for A k = k - k '= -1 
- R branch, for A k = k ' - k " = l . 
The two branches can be observed in the spectrum of figure 5.3. 
For A = 0, the spin, i.e. the contribution of the electrons spin,^ is not coupled with 
the internuclear axis and the total angular momentum can be described by K vector, which is 
called total angular momentum without spin. Although the spin exists, it is not coupled with 
the internuclear axis, but is perpendicular to it. The corresponding quantum number of thsK 
vector is k and its associated values are: 
k = A, A+l,A+2.. . (5.6) 
For A = 0, the values of the quantum number becomes 
k = 0 ,1 ,2 ,3 . . . (5.7) 
With the addition of spin, the resultant total angular momentum is expressed as 
J = K + S (5.8) 
The associated quantum number is symbolized by j , and the corresponding values are 
j = (k + s),(k + s-l),...,(k-s) (5.9) 
In order to determine the rotational temperature, one can plot the expression log (I / (k' + k" 
+1) versus the product k' (k' + 1). In this notation, / is the line intensity, k' and k" are the 
rotational quantum number of the upper and lower states. If the Boltzmann distribution of the 
population in the excited rotational states is established, a straight line can fit the plotted 
values and the slope givesBhc/kT. From this slope, the rotational temperature can be 
determined. In the above expression,B is the molecular constant/? is the Planck constant, k is 
the Boltzmann constant, and c is speed of light. The values are tabulated in reference 
[HERZBERG, 1950]. 
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5.1.1. Gap-space region 
The choice of the molecular rotational-vibrational transition for determining the 
rotational temperature in the gap-space region was based on the fact that it is closer to the gas 
temperature, than other nitrogen molecular transitions. The analysis of different rotational 
vibrational transitions can give different temperature values, and hence the deviations fom 
the gas temperature can be enhanced. In order to avoid such problems, the choice of the 
transition was established to be the ro-vibrational emission of the nitrogen molecular ion, 
B(2Zu+,vB = O)-+X(2Xg+,vx = 0). 
Since the torch was operated in helium flow only with no nitrogen added in the 
discharge, the origin of the nitrogen molecular (N2) and nitrogen molecular ion (N2+) bands, 
is firstly discussed. At atmospheric pressure condition, the spectra recorded from both 
regions, the gap-space and the afterglow, show besides the excited helium atomic lines, many 
nitrogen ro-vibrational molecular bands, as well as ion molecular nitrogen transitions. The 
origin of these bands can be related either to trace impurities from the gas recipient, or to the 
nitrogen entrainment from the environmental air, since the torch was operated at atmospheric 
pressure. Both sources are possible, but the most probable one is believed to be that of the 
surrounding air, as it has already been observed in many cases. Moreover, two kinds of 
helium sources with different purity grades, respectively, the industrial grade and the 
chromatographic grade with enhanced purity level, where used in order to check if the 
nitrogen bands would eventually disappear from the spectra. The presence of the molecular 
nitrogen transitions was confirmed in both cases. Nevertheless, air contamination has already 
been reported in the literature [MOON et al., 2006]. 
For an overall identification of the transitions originating from the gap-space region, 
the entire visible wavelength domain was scanned. A typical recorded spectrum in the 
wavelength range of 3000-9000 A is presented in figure 5.2. For a better understanding of the 
weak transitions, an associated zoom out spectrum is inserted in the main figure. A detailed 
analysis of the spectrum features reveals that apart of the main gas transitions (helium atomic 
lines), there are many emissions, which are associated with the molecular nitrogen, ion 
molecular nitrogen, but also other impurity lines, Ike hydrogen and oxygen. There are only 
very few weak emissions, which cannot be exactly identified and are probably associated 
with traces impurities like carbon or nitrogen. 
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To summarize, the main transitions associated with the molecular nitrogen are 
presented in table 5.1, while the helium atomic transitions detected in the spectrum are 
presented in table 5.2. For both, molecular bands and atomic transitions, their associated 
wavelengths are specified in these tables. 
The spectrum presented in figure 5.2 is recorded at the following torch operating 
conditions: 
applied power: P = 450 W; 
applied voltage: V = 10.7 kV; 
- helium flow rate: 9 slpm, (He), 
and the investigated region is located at 10 cm below the nozzle exit. 
In order to determine the rotational temperature (Tr) in the two investigated regions, 
the B (2SU+, v=0) —> X(2£g+, v=0) rotational band of N2+ molecular nitrogen ion transition was 
recorded separately. In this case the recording speed was much lower than that used for 
spectra of the entire wavelength domain, in order to increase the measurement precision. To 
gain sensitivity, the recording was done in the second order of the diffraction grating, i.e. in 
the wavelength interval of 7770-7830 A. Figure 5.3 shows a typical spectrum recorded from 
the gap-space region, corresponding to an investigated plasma region located 6 cmbelow the 
nozzle top. This spectrum was recorded with similar torch operating parameteis as the 
previous one: 
- applied power: P = 460 W; 
- applied voltage: V = 10.8 kV; 
- helium flow rate: 9 slpm (He). 
The investigated plasma region corresponds to a location at 6 cmbelow the nozzle top. 
Concerning the origin of the N2+ emitted transition, the excitation mechanism was 
investigated. The transition of theN2+, B (2SU+, v=0) —• X (2Eg+, v=0) is accompanied by light 
emission, hv, and the equation describing this process can be written as 
B (2IU+) ^ X (%+J + hv. (5.10) 
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TABLE 5.1 - N2 and N2 ro-vibrational transitions observed in the spectra 
Transition 
N 2 - 2 n d Positive 
N 2 + - 1 s t Negative 
N 2 - 1st Positive 
N2 IR Afterglow 
(0,2) 
(2,5) 
(1,4) 
(0,3) 
(0,0) 
(0,1) 
(0,2) 
(0,3) 
(5,0) 
(7,3) & (6,2) 
(9,6) 
(3,0) 
(8,3) 
Wavelength (A) 
3804.9 
3943.0 
3998.4 
4059.4 
3914.4 
4278.1 
4709.2 
5228.3 
5632.7 
6013.6 & 6069.7 
6394.7 
6875.0 
7780.0 
TABLE 5.2 - Helium lines observed in the spectra 
Transition 
Is2p-ls4d (1P0-ID) 
Is2s-ls3p (IS-1P0) 
Is2s-ls3p (3P0- 3D) 
Is2p-ls3d (1P0-ID) 
Is2p-ls3s (3P0-3S) 
Is2p-ls3s (1P0-IS) 
Wavelength (A) 
4921.9 
5015.6 
5875.6 
6678.1 
7065.3 
7281.3 
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Figure 5.3 - Spectrum of the N2+ emission, recorded in the second order of the diffraction 
grating, at 460 W, 10.8 kV, 9 slpm (He), and 6 cm below the nozzle exit. 
According to the literature [PENACHE, 2002b, BIBINOV et al., 2001] in principle, 
there are three excitation mechanisms for the creation of the N2+ in the B (2E„+) state. One of 
these is the electron impact ionisation of the molecular nitrogen, represented by the following 
reaction scheme 
e'jast + N2-+ N2+ (B (2ZU+)) + eshw + e slow- (5.11) 
Another excitation mechanism is related to the charge transfer reactions, a process 
which implies the presence of the helium molecular ions, He2+. These result from three body 
collision reactions produced among two helium atoms, He, and a helium ion, He . The 
process can be schematised as follows 
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He + He + He^ He2 + He. (5.12) 
Charge transfer reactions are further expressed by the following scheme 
He2+ + N2^ N2+ (B (2EU+)) + 2He. (5.13) 
Finally, the third excitation mechanism is the Penning ionisation with helium 
metastables, Hem, and the reaction scheme is 
Hem + N2^ N2+ (B (2Xu)) + He + e. (5.14) 
The helium metastables are created mostly by direct electron impact, as 
e'/ast + He-* Hem + e'shw. (5.15) 
From the three above excitation mechanisms, the most probable is related to the 
Penning ionization. Direct electron impact excitation of the N2 is found to be not very 
efficient for the N2+ creation, since this rotational spectrum is not detected in argon flow. A 
similar result was reported in the literature, where the N2+ transition is observed in He - N2 
mixtures, but it is not present in mixtures of He - Ar, [PENACHE, 2002a]. The spectra 
recorded in argon flow and mixtures of helium with other gases will be presented later. 
Regarding the charge transfer excitation mechanisms, it implies a collision among three 
particles, and hence it is less probable than the Penning ionisation which is the result of a two 
body collision. A further argument which supports Penning ionisation as the main excitation 
mechanism for the creation ofN2+ state is related to the variation of its band head intensity 
with the applied voltage and will be discussed in detail in the last section. 
To determine the rotational temperature, the relative intensity of each transition, / is 
measured and the values obtained from the expression In (I / (k' + k" +1)) are plotted as a 
function of the product k' (k' + 1), as described earlier. The graph obtained is presented in 
figure 5.4. A straight line is plotted and fits well the experimental values, indicating a 
Boltzmann distribution of the population over the rotational states. At these conditions, the 
determined value of the rotational temperature, Tr, is 533 K ± 15 K. The uncertainty on the 
rotational temperature is only about 3%, and was determined from the average of three 
measurements and from the points deviation from the line. 
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Figure 5.4 - Boltzmann plot for determining the rotational temperature in the gap-space 
region, at 460 W, 10.8 kV, 9 slpm (He), and 6 cm below the nozzle exit 
5.1.2. Afterglow region 
When helium gas flow is used as carrier gas, the DBD torch which operates in open 
atmosphere, presents a very long extension of the afterglow plasma jet emerging outward 
from the gap-space. The details of the afterglow length and color at different operating 
conditions were presented in chapter 4. In order to determine the DBD torch efficiency in 
energy transfer to the afterglow region, the rotational temperature in the afterglow region was 
determined and compared to that of the gap-space region. The choice of the rotational 
transition was the same as for the gap-space region, and a similar procedure was applied to 
determine the rotational temperature. 
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At first, the entire visible spectrum from the afterglow region was recorded in the 
wavelength domain of 3000-9000 A. A typical recorded spectrum of the afterglow is shown 
in figure 5.5, and it is superposed on the gap-space region spectrum for comparison purposes. 
Both spectra presented in figure 5.5 were recorded at the following torch operating 
conditions: 
applied power: P = 450 W; 
applied voltage: V = 10.7 kV; 
- helium flow rate: 9 slpm (He). 
The investigated regions were located at a distance of 10 cm below the nozzle top for the gap 
space, and 1.5 cm above the nozzle top for the afterglow. 
1500 
3 
re 
c 
£ 750 
0 >— 
3000 
Gap-space region 
-Afterglow region 
MiiiiiJ. 
4000 5000 6000 
Wavelenght (A) 
7000 8000 
Figure 5.5 - Emission spectra from the gap-space and afterglow regions. 
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Qualitatively, both spectra from figure 5.5 present the same features, but with 
different intensities. The main transitions identified in spectra correspaid to those presented 
in tables 5.1 and 5.2. As for the gap-space region, the spectrum from the afterglow also 
presents impurity lines, like hydrogen, oxygen, carbon and/or nitrogen. 
The intensities are higher in the gap-space region due to more elevated concentration 
of the excited species as compared to those from the afterglow. Nevertheless, even though the 
active species are created in the gap-space, they are still observed in the afterglow. As it has 
been already presented in chapter 4, the gap-space region appears pink, explained by the 
higher intensity of the electronic vibrational bands of the Nfe - first positive system in the gap-
space than in the afterglow which is bluish. 
The spectrum of the N2+ originating from the afterglow was again scanned separately, 
in the wavelength range of 7770- 7830 A, and it is shown in figure 5.6. 
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Figure 5.6 - Spectrum of the N2 emission recorded in the second order of the diffraction 
grating, at 460 W, 10.8 kV, 9 slpm (He), and 1.5 cm above the nozzle exit. 
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The torch parameters were fixed at the same values as for the gap-space (section 
5.1.1.) and the investigated region corresponds to a distance of 1.5 cm above the nozzle top. 
Comparing the above spectrum with that obtained from the gap-space region, figure 5.3, one 
can note that they present similar shapes. Some differences appears in between 7770- 7775 
A wavelength interval, which are not related to the N2+ features, but overlapped emissions 
from another transition. Nevertheless, the intensity is weaker in the afterglow than in the gap-
space region. This observation reflects the fact that the density of the 1S>+ molecular nitrogen 
ion at a distance of 1.5 cm above the nozzle top is lower that the density in the active region 
of the torch. However, it is important to remark that a considerable density of the excited 
species is still found at an appreciable distance away (8 cm) from the active region. 
The constructed Boltzmann plot from which the temperature was determined is 
presented in the figure 5.7. 
Figure 5.7 - Boltzmann plot for determining the rotational temperature, at 460 W, 10.8 kV, 9 
slpm (He), and 1.5 cm above the nozzle exit. 
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The rotational temperature determined from the Boltzmann plot is 466 ± 10 K, at 1.5 
cm above the nozzle exit. The error is estimated on an average of five measurements. 
Regarding the rotational temperatures, only a 15% difference is found between the 
active region and afterglow, hence at a high distance away from the gap. 
5.1.3. Axial variation of rotational temperature 
In order to determine the axial variation of the rotational temperature, the spectra of 
the N2+, B (22u+, v=0) —» X (2£g+, v=0), transition were recorded at different axial positions of 
the torch, from the gap-space and afterglow regions. The same Boltzmann plot method was 
used and the determined values are indicated in figure 5.8, as a function of the asal position 
in the torch. 
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Figure 5.8 - Axial variation of the rotational temperature at 460 W, 10.8 kV, and 9 slpm (He). 
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This figure depicts a fairly uniform distribution of the rotational temperature along the 
torch axis, with a slight decrease of the temperature values in the afterglow. It is concluded 
that a slight cooling of only 15 % in the afterglow compared to the gap-space region is 
detected. This phenomenon is attributed to cold air molecules entrainment in this region. 
5.1.4. Effect of power on the rotational temperature 
As the influence of the gas temperature on plasma processing is very important, a 
particular attention is given to the variation of the rotational temperature with the input 
parameters, such as the power and the gas flow rate. In this section the effects of the input 
power via the applied voltage is presented. For this purpose, the N2+ spectra of the first 
negative system, B ( £u+,v=0)—>-X ( 2g+,v=0) transition, are recorded from the gap-space 
region, at different applied voltage values. The other parameters were kept constant: helium 
flow rate 9 slpm, atmospheric pressure. 
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Figure 5.9 - N2 spectrum recorded at 8.8 kV, applied voltage, for a He discharge. 
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The power applied was varied in between 5 0 - 470 W, interval which corresponds to 
an applied voltage in the range of 5 .8- 10.7 kV. 
A typical recorded spectrum is presented in figure 5.9, for an applied voltage of 8.8 
kV. Using the Boltzmann plot method, the rotational temperature was determined for each 
value of the applied voltage. The Boltzmann plots obtained in each case are presented in 
figure 5.10. 
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Figure 5.10 -Boltzmann plots for determining rotational temperatures. 
The values of the applied voltage and the corresponding rotational temperature are 
indicated in table 5.3. It is noticed that the temperature varies from 325 K ± 20 K at the 
lowest applied voltage, to 533 K ± 15 K at the highest voltage level. Moreover, a linear 
behaviour is found for the rotational temperature variation with the applied voltage, with a 
slope of 40 ± 3 (K/kV), as it is indicated on figure 5.11. The error represents the standard 
error of the slope. 
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TABLE 5.3. Rotational temperatures derived from the first negative system of ISh"1", 
B(2Eu+,v=0)—>X(2£g+,v=0) transition, at different voltages. 
Voltage (kV) 
5.8 
6.8 
7.8 
8.8 
9.8 
10.8 
Rotational Temperature (K) 
325 ± 20 
357 ±20 
390 ± 20 
447 ±15 
455 ±15 
533 ±15 
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Figure 5 . 1 1 - Rotational temperature as a function of the applied voltage. 
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5.1.5. Effect of power on the rotational band intensity 
An important result with changes in the applied voltage is the variation of the H+ 
rotational band head intensity. It is related to the excitation mechanism involved in the 
creation of N2+ (B(2Eu+,v=0)) states. The relative intensities of the band head rotational 
transitions were plotted as a function of the applied voltage and graph obtained is presented in 
figure 5.12. It is noticed that a near linear increasing of the intensities with the increase of the 
applied voltage occurs, ^ similar with the behaviour of the He (587.5 nm) emission (figure 6.7). 
This proves a relation between the excitation mechanisms of the two species (He and N>+)-
Taking into account that He excited states, including the metastables are created by direct 
electron impact, and the N2+ could not be detected in argon discharge, it follows that bfe+ are 
not predominantly created by direct electron impact. Therefore, the main excitation 
mechanism of the N24" (B(2Hu+,v=0)) is the Penning ionisation with He metastables. The fact 
that the N2+ (B(2£u+,v=0)) states are efficiently created by Penning ionisation have been 
pointed out in the literature, [MASSINES et al , 2003]. 
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Figure 5.12 - Rotational band head intensity as a function of the applied voltage 
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5.2. Vibrational temperature 
Plasmas produced in DBD torches are characterized by strong non-equilibrium 
effects. A comparison between the rotational, vibrational and the electronic excitation 
temperatures give information on the departure from the local thermal equilibrium (LTE). At 
LTE, the rotational, vibrational and electronic excitation temperatures have the same value. 
5.2.1. Gap-space region 
To determine the vibrational temperature, the spectra of the nitrogen molecular bands 
belonging to the N2 second positive system, Cf /7„ —• B flg transitions, were recorded from the 
gap-space region. In order to compare the temperatures, the torch was operated at the same 
parameters as for the rotational temperature determination. Hence, the operating parameters 
were fixed at the following values: 
applied power: P = 450 W; 
applied voltage: V = 10.7 kV; 
- helium flow rate: 9 slpm (He), 
and the investigated region was at a distance of 10 cm below the nozzle exit. 
Figure 5.13 shows the recorded vibrational bands (Av = -3), (2, 5), (1, 4), and (0, 3) of 
the second positive system, C3flu —• B3llg of the molecular nitrogen. It is important to 
mention that these molecular transitions are also observed when other gases are used, unlike 
the N2+ rotational transition. This observation can give information on the excitation 
mechanism responsible for the creation of the N2 in the (fflu state. 
There are two important excitation mechanisms leading to the creation of the N2 
(CfflJ state of the second positive system. One of them is related to the "pooling" reactions 
between the N2 molecules in metastable states, namely theN2 (A3EU+). These reactions can be 
written as follows 
N2 (A3IU+) + N2 (A3IU+) -+ N2 f C U ; + N2 (X1!*) (5.16) 
The second excitation mechanism of the N2 (Cfnu) states is the electron impact, from the 
ground state, i.e. N2 (X*Zg+), which is schematised as 
efas, + N2 (X1^) — N2 (dnu) + eslow (5.17) 
72 
6000 
4000 
3 
TO 
(0 
C 
0> 
2000 
Gap-space region 
N2 second positive system C3l1u —• B3flg 
(2,5) (1.4) J(0,3) 
An AJ 
3930 3970 4010 
Wavelength (A) 
4050 
Figure 5.13 - Vibrational bands recorded at 450 W, 10.7 kV, 9 slpm (He), and 10 cm below 
the nozzle exit. 
The results derived from this work indicate that in this DBD configuration the main 
excitation mechanism of the N2 (Cfnu) state is the electron impact. This observation will be 
discussed in detail in the section concerning the electron excitation temperature. 
For determining the vibrational temperature, the same Boltzmann plot method is used, 
but in this case the Franck - Condon factors have to be known. They were taken from 
[GILMORE et al., 1950], while the energies of the vibrational states are from [HERZBERG, 
1950]. By measuring the relative intensities of the three transitions, the Boltzmann plot from 
which the temperature is derived, was constructed. The graph obtained is presented in figure 
5.14. 
73 
• Gap-space region Tv = 2500 K ± 500 K 
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Figure 5.14- Boltzmann plot for determining the vibrational temperature in the gap-space 
region. 
The vibrational temperature determined in the gap-space region is 2500 K ± 500 K, at 
the torch parameters indicated above. This value is much higher than the determined value of 
the rotational temperature, 533 K ± 15 K, at the same torch parameters, and indicates many 
interesting features. First of all, the energy distribution is much higher in the vibrational 
modes than the rotational ones, confirming the deviation from the LTE. On other hand, the 
difference between the rotational and vibrational temperatures indicates that the excitation 
mechanisms of the two considered states are different. 
5.2.2. Afterglow region 
The vibrational temperature was determined also in the afterglow region of the DBD 
torch, to estimate the efficiency in vibrational energy transfer from the active region to the 
afterglow. 
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Recording the Cf\lu —> B3flg transition of the second positive system of the molecular 
nitrogen, at the same torch operating conditions as for the gap-space region, the spectrum 
from figure 5.15 was obtained. 
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Figure 5.15 - Vibrational bands recorded at 450 W, 10.7 kV, 9 slpm (He), and 1.5 cm above 
the nozzle exit. 
Comparing the spectra presented in figures 5.13 and 5.15, it is noticed that the 
intensities of the ro-vibrational transitions of the N2 second positive system from the gap-
space region are higher than those from the afterglow. The intensities are related to the 
density of the N2 second positive system, and hence a higher density of N2, C3/"^ state, in the 
active region is expected. 
To determine the vibrational temperature in the afterglow, the same procedure as 
presented in section 5.2.1 was used, and the Boltzmann plot obtained is shown in figure 5.16. 
75 
Again, the torch operating conditions were fixed at the values: 
applied power: P = 0.45 kW; 
applied voltage: V = 10.7 kV; 
helium flow rate: 9 slpm (He), 
and the investigated region was at a distance of 1.5 cm above the nozzle top. 
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Figure 5.16 - Boltzmann plot for determining the vibrational temperature in the afterglow. 
At these conditions, the determined vibrational temperature, Ty, in the afterglow 
region is 2100 K ± 430 K. By comparing this value with that obtained in the gap-space 
region, one can remark that a cooling of the afterglow is not clearly confirmed, as it was the 
case for the rotational temperature. By analogy with the results obtained in the case of the 
rotational temperature, and taking into account the cylindrical symmetry of the actual 
configuration, it is deduced that a near constant vibrational temperature along the torch axis is 
attained. 
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5.3. Electronic excitation temperature 
Finally, a third temperature measurement is done for the electronic excitation 
temperature, which represents a very important plasma property. In cold plasmas, the 
electronic excitation temperature has the closest value to the electron temperature, even 
though it is probably lower than the electron temperature. 
A brief theoretical approach regarding the origin of the atomic transitbns is given in 
this section. Unlike the molecular bands, the spectra of atoms are line transitions. These 
transitions are formed by the emission of photons when an electronic transition occurs 
between an upper excited state and a lower energetic state. The latter one can be either an 
excited state or the ground state. If an atom in the ground state is excited with an external 
energy, its internal energy changes and hence it makes a transition in an electronic excited 
state. In the case of the dielectric barrier discharges the electrical field created between the 
electrodes accelerates the electrons inside the gap space. The kinetic energy gained by the 
electrons is then transferred into electronic excitation energy, when electron-atom collisions 
occur. All the excited states involved in line transitions are bound states, and in this case the 
peripheral electron is still bounded to the atom. If the external energy transferred to the atom 
is high enough, it can give rise to ionic transitions. In this state the peripheral electron is not 
bound anymore to the atom. These states are ionic states. Usually, in the case of cold plasmas 
there is no evidence for ionic transitions, and hence the spectral lines originate from neutral 
atoms. A typical energy level diagram of an atom is given in figure 5.17. The intensity of the 
light emitted between two excited atomic levels, / - superior, and / - inferior, depends on the 
energy of the emitted photon, (he / A), on the number of the emitted photons per volume unit 
and per solid angle unit, (N,/ 4K), but also on the specific atomic transition probability,^,/. It 
can be expressed as [CORNEY et al., 1977]: 
h=~*A„ (5.18) 
where h is the Planck constant, c is speed of light, and^. is the radiation wavelength. 
Figure 5.18 shows the scheme of the light emitted during a two-level transition, 
between the two excited states, / , / 
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Figure 5 .18- Atomic transition between two excited atomic levels. 
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At equilibrium conditions, the population distribution over the excited states obeys the 
Boltzmann distribution, and the two levels are related each other by the expression 
- ^ - = -^ -exp( -A£/W) , (5.19) 
Nf Sf 
where 
SE = Ei-Ef. (5.20) 
The terms g, and gf are the degeneracies of the upper and lower levels. 
By considering the ground state, to have the energy 0, the light intensity can be expressed as 
L>.f = ^T7-N°A& e x p ( ~ ^ ' k T ) • ( 5 - 2 1 ) 
A An 
Taking into account the above formula, the relative intensities of the atomic transitions can be 
used to determine the electronic excitation temperature from a Boltzmann plot. The transition 
probabilities, the degeneracies and the energy levels were taken from the reference[NI ST]. 
5.3.1. Gap-space region 
The electronic excitation temperature in the gap-space region is determined using 
Boltzmann plots. The input plasma parameters were fixed at similar values as for rotational 
and vibrational temperature, for comparison purposes. Namely, the plasma was operated at 
the following parameters: 
applied power: P = 450 W; 
applied voltage: V = 10.7 kV; 
helium flow rate: 9 slpm(He), 
and the investigated region was located at a distance of 8 eta below the nozzle exit. 
The detailed analysis of the entire recorded spectra (3000 - 9000 A) shows that only 
helium atomic transitions were detected and no ionic emissions of atoms were observed. The 
characteristics of the helium lines used for the electronic excitation temperature determination 
are presented in table 5.4. 
Regarding the excitation mechanism for the creation of the excited atomic species, 
He*, direct electron impact with neutral helium atoms, He is the most important process. The 
scheme of this excitation mechanism is indicated as follows 
e'fast + He —> He* + e'shw • (5-22) 
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TABLE 5.4 - Characteristics of the helium transitions used for the determination of the 
electronic excitation temperature. 
Transition 
He I 
l s 2 p - ls4d 
( IPO-ID) 
l s 2 s - ls3p 
( IS- IPO) 
ls2s - ls3p 
(3P0- 3D) 
l s 2 p - ls3d 
(IPO-ID) 
l s 2 p - ls3s 
(3PO-3S) 
l s 2 p - ls3s 
(IPO-IS) 
Wavelength 
(A) 
4921.9 
5015.6 
5875.6 
6678.1 
7065.3 
7281.3 
Transition 
Probability 
(*ioV) 
2.02 
1.33 
2.94 
6.38 
1.54 
1.81 
Degeneracy 
5 
3 
3 
5 
3 
1 
Level 
Energy 
(eV) 
23.73 
23.09 
23.07 
23.07 
22.72 
22.92 
In this case, calibration of the optical set-up is needed. This was performed by using a 
calibration lamp which is placed in a same geometrical arrangement, as the plasma torch. The 
calibration lamp is a tungsten ribbon lamp, model EH - 167, supplied by Eppley Laboratory. 
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The manufacturer gives the spectral irradiance data in W/cm at a distance of 50 cm from the 
measuring point. Considering the calibration lamp as a blackbody of 3000 K, as specified by 
the manufacturer, and applying the Planck radiation law, the optical system was calibrated. 
The Planck radiation law gives the spectral irradiance as a function of the wavelength, 
according to the expression: 
T- 2h°2 
/
" A 3 ( e ^ 7 ' - l ) . ^ ^ 
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In the above expression h is the Planck constant, c is the speed of the light, X is the 
wavelength, k is the Boltzmann constant, and T is the blackbody temperature. 
Once the calibration is performed, the logarithm of the expression QJ/Ag) for each 
transition is plotted versus the energy levels and the obtained Boltzmann plot is presented in 
figure 5.19. The electron excitation temperature, Te, was determined from the slope. The 
value of Te obtained for the gap-space region is 2800 K ± 570 K, at the torch parameters 
mentioned above. The error is estimated from the average of three measurements. 
Figure 5.19 - Boltzmann plot for determining the electronic excitation temperature in the gap-
space region, at 450 W, 10.7 kV, 9 slpm (He), and 8 cm below the nozzle exit. 
Comparing this value with those obtained for the rotational and vibrational 
temperatures in the gap-space region, respectively 533 K ± 15 K, and 2500 K ± 500 K, at the 
same DBD operating conditions, it is deduced that energy distribution is the highest for the 
excitation of the electronic excitation modes. On the other hand, since Te and Tv lie in the 
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same range, it follows that similar excitation mechanisms - direct electron impact - are 
involved in both electronic and vibrational excited states creation. 
5.3.2. Afterglow region 
The same procedure as that used for the gap-space region was applied to determine 
the electronic excitation temperature in the afterglow, with the same operating conditions. 
The graph obtained is indicated in figure 5.20. 
Figure 5.20 - Boltzmann plot for determining the electronic excitation temperature in the 
afterglow region, at 450 W, 10.7 kV, 9 slpm (He), and 1.5 cm above the nozzle exit. 
The determined value of the electron excitation temperature is found to be2600 ± 530 
K. This value is comparable with that obtained in the gap-space region. Hence, at high 
82 
distance away from the gap (around 10 cm) the vibrational temperature is almost the same 
that the one obtained in the active region. 
The values obtained in the afterglow region for Tr, Tv, and Te follow the same trend as 
those obtained in the active region, indicating again that in the afterglow as in the gap-space, 
the highest energy is distributed for the electronic excitation modes. Also, as for the active 
region, direct electron impact is the main excitation mechanism involved in the vibrational 
and electronic excited states, while the rotational mode are mainly related to the Penning 
ionisation with He metastables. 
The results obtained in this chapter are in agreement with those obtained in the 
literature. Nevertheless, most of the publications deal with measurements preformed in the 
active region, the gap-space. For example, in a plane parallel dielectric barrier discharge 
torch, with a gap of 2.5 mm, and similar operating conditions, [CHIPER et al., 2004] 
determined from the rotational spectrum of the ion molecular nitrogen, (N2+), rotational 
temperature in the range of 400 - 440 K. [B1BINOV et al., 2001] measured rotational 
temperatures derived from the NO, OH, N2 - the second positive system and N2+ - the first 
positive system, and found that the corresponding temperatures of the first three transitions 
lye in the same range, about 310 K, while the ion molecular transition gives a higher value, of 
about 600 K. 
Regarding the difference between the rotational and vibrational temperature measured 
in this work, similar results were reported in the literature, such as the work performed by 
[MASOUD et al., 2005a]. The authors measured the rotational and vibrational temperatures 
from the N2 - the second positive system, in a cylindrically DBD operated in Ne with traces 
of nitrogen. The values reported are about 360 K - for the rotational temperature and 2270 -
3030 K - depending on pressure, for the vibrational temperature. 
The electronic excitation temperature determined in this work is also consistent with 
values determined in other works, as for example the values in the range of 0.1 - 0.5 eV 
depending on the applied voltage, measured by [DONG et al., 2005]. 
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CHAPTER 6 
GAS TEMPERATURE AND ELECTRON DENSITY DETERMINATION BASED ON 
SPECTRAL LINE BROADENING 
A detailed analysis of the spectral lines broadening due to the effect of different 
physical phenomena is presented in this chapter. The study provides useful information on the 
plasma properties such as the electron density and the gas temperature, but also adds with 
chapter 5 further insight as to the main physical phenomena governing the discharge. These 
are related to the Doppler, Stark, and pressure effects. A considerable advantage in employing 
the spectral line broadening method is related to the fact that it does not depend on the LTE 
validity. In fact, the rotational temperature measurement requires a Boltzmann population 
distribution of the excited states which is one of the conditions for the LTE validity. Spectral 
line broadening of different transitions was largely employed in the literature, to determine 
the gas temperature or the electron density. Several studies were published for argon 
transitions [TACHIBANA et al., 1982, MOUSSOUNDA, et al., 1987, KUNZE et al., 2002, 
PENACHE et al., 2002, and DONG et al., 2005], other studies deal with hydrogen transition-
Hp line [WANG et al., 2005, and YANGUAS-GIL et al., 2007], while helium emission at 
1083 nm was also employed by [TACHIBANA et al., 2005]. Regarding the electron density 
determination by emission spectroscopy, the Stark effect on the atomic lines can be r^arded 
as a unique alternative, in such plasmas. The well known method used in the case of the 
thermal plasmas, which is based on the ratio of the line intensities and continuum emission, is 
useless in the case of the cold plasmas, because the continuum emission is so weak that it 
cannot be detected in the spectra, even at the highest voltage applied. On the other hand, the 
gas temperature determined from the atomic collisions, as an effect of the atmospheric 
pressure operation, reflects a more realistic value, as compared to the rotational temperature 
approximation. 
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The investigated plasma region is limited to the gap-space and the analysis is applied 
for both, the He (587.5 nm) and the Hp (486.1 nm) recorded lines. A systematic study is done 
by varying the plasma parameters of the DBD torch configuration, such as the power and the 
gas flow rate. Starting with fixed torch operating conditions, two general expressions for 
determining the gas temperature are deduced for each He and Hp line. These general 
expressions are then further applied to determine the power and the flow rate influence on the 
gas temperature. 
6.1. DBD torch operation in helium flow- hydrogen and helium lines 
In order to extend the characterization of the DBD torch operated in pure helium flow, 
which was limited to the rotational, vibrational and electronic excitation temperature, by 
using the Boltzmann plot method, spectral line shape analysis of the He (587.5 nm) and Hp 
(486.1 nm) lines, was also performed and it is presented in the next sections. To accomplish 
this objective, the torch operating conditions were initially fixed at similar values as those 
used in chapter 5, and correspond to the following values: 
applied power: P = 450 W; 
- applied voltage: V = 10.8 kV; 
helium flow rate: Q = 9 slpm (He), 
and the investigated region is located at around 10 cm below the nozzle exit.. 
The light spectrum in the wavelength interval (3000 - 9000) A has already been 
presented in chapter 5, figure 5.1 and revealed apart from the helium atomic transitions, the 
emission of the atomic hydrogen Hp - 486.1 nm, due to trace impurities. 
It is well known that besides natural and instrumental broadening of the spectral lines 
which do not depend on plasma properties, there are other broadening mechanisms such as 
Doppler, pressure, and Stark effects, which do depend on them. The broadening due to the 
natural lifetime is too small to be detected and it is not taken into account in the present work. 
The shape and the broadening caused by the instrument are established through the analysis 
of a laser line shape. 
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6.1.1. Doppler broadening 
This type of broadening of spectral lines is a consequence of the fact that the emitted 
line frequency depends on the velocity of the emitting particles with respect to the detector. 
The broadening of the line is given by, [WIESE, 1965] 
MIJ<vpkr =7.16xl(T7 xAxV77M , (6.1) 
where AADopphr is the full width at half maximum (FWHM), X is the emission wavelength, 
both in A, T is the temperature of the emitter, or the gas temperature, in degrees K, and Mis 
the atomic mass in g/mol. 
The form shape G(X) due to the Doppler effect is Gaussian and expressed as 
G{X) = exp 
where G(X) is normalised amplitude, Xo is the wavelength at the center, and AXG is the 
FWHM. 
6.1.2. Pressure broadening 
Pressure broadening is due to collisions between the emitting specie and either 
charged or neutral particles in the plasma. This phenomenon is more pronounced at high 
pressure. If charged particles are involved in the broadening phenomenon, the effect is known 
as the Stark effect. When neutral atoms or molecules are involved, the effect is known as the 
Van der Waals, or resonance broadening. The last phenomenon takes place when identical 
particles are involved and for those transitions whose upper or lower energy levels have an 
electric dipole transition to the ground state, [ALI et al., 1965]. 
a) Stark effect broadening 
The Stark effect results from the splitting of an atomic or molecular energy level by 
an electric field created by charged particles, i.e. electrons and ions. The form shape of such a 
broadened line is Lorentzian and the amplitude normalized function/,(2), is 
•41n2 
A — AQ 
AAG j 
(6.2) 
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L{X) = ^——, (6.3) 
1 + 4 ^ ) ' 
AAL 
where Ah is the FWHM. 
For non-hydrogenic atoms, the quadratic Stark effect applies. The FWHM of the line 
Alstark can be used to calculate the electron density, [WIESE, 1965] by using the expression 
AAStark = 2 x 10-16 wN^ +1.75 x 10"4 A^ / 4 a ( l - 0 . 0 6 8 A ^ 1 ' 2 ) } (6.4) 
where Alstark is in A, w is the electron impact parameter (the calculated half half width at a 
given Ne and Te), Ne is the electron density in cm3, a is the static ion broadening parameter, 
and Te is the electron temperature, in degrees K. Both w and a are tabulated for different 
temperatures [GRIEM, 1964]. If the ionic contribution to the broadened line is neglected, 
then the following simplified formula for determining the electron density results: 
A A ^ = 2 x l ( r 1 6 u W e , (6.5) 
where the units are the same as in expression 6.4. 
For hydrogen, the linear Stark effect applies. The electron density can be estimated by 
using the Hp transition and the expression is, [WIESE, 1965, LUQUE et al., 2003] 
AAStark = 2 . 5 x l 0 " 9 am_nN2e'\ (6.6) 
where am,n is a tabulated parameter for different Te and Ne values [GRIEM, 1974]. AXstark is 
in A and Ne in cm"3. 
b) Van der Waals broadening 
In weakly ionized gases at relatively low gas temperature, collisions between the 
emitter and neutral species become important [MAN et al., 2004]. The form shape of the 
broadened lines is Lorentzian. To estimate the temperature of the neutral particles from the 
FWHM, the Van der Waals interaction, or the interaction between the emitter's dipole and the 
perturber induced dipole, is considered. In this case, the FWHM of the broadened line, 
Alvander Waah, is expressed as, [WANG et al., 2005, A.YANGUAS-GIL, 2007] 
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^vanderWaals =4 .09x l0- 1 3 / l 2 (a i? 2 ) 2 / 5 ( - ) 3 / %, (6.7) 
M 
where A), van der waah and X are in A, a is the average polarizability of the neutral perturbers in 
cm3, which in terms of Bohr radius ao, is equal {ol.38xal for He. R2 is the mean square 
radius of the emitting atom in cm, /j is the reduced mass of the emitter-perturber system in 
g/mol and n is the perturbers density, in cm3. The mean square radius is expressed by 
R
 -
 R
upper - Rhwer • (6-8) 
The lower and upper states radii can be further expressed by using the Unsold hydrogenic 
approximation [MOUSSOUNDA et al , 1987], which is 
^ = -/?*2[5«*2+l-3J(/+l)]a02, (6.9) 
where / is the orbital quantum number and n is the effective quantum number expressed by 
EH 
n
2
 = - ^ ' (6.10) 
r-i aflutter ri v ^ 
ion 
E"n is the hydrogen ionization energy,E™"'er is the emitter ionization energy, and£ is the 
excitation energy level involved in the transition. 
The pressure effect yields a Lorentzian profile for the broadened line and its 
convolution with the apparatus function, can give rise to a different shape. If the apparatus 
function has a Gaussian form, the convolution with a Lorentzian is a Voigt type profile. This 
function can be approximated as 
V(A) = (l-a)G(A) + aL(A), (6.11) 
where a is related to the FWHM of each function and it is expressed as 
a = -. (6.12) 
AALIAAV + (AAG IAAV)2 
AXy is the FWHM of the Voigt shape line and it is related toAlz, and AXG through the relation 
AA2C = AA\-AAVAAL. (6.13) 
By knowing AXy and AXG, one can deduce the Lorentzian contribution. This allows one to 
determine a and hence the V(X) profile. 
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6.1.3. Electron density evaluation from the Stark effect 
In this section, the results obtained at fixed torch operating conditions specified in 
section 6.1 are presented because at these conditions the signal is the strongest and hence the 
optical resolution is maximized. On the other hand, the results are compared and complete 
those obtained in chapter 5. 
A detailed analysis of the He (587.5 nm) and Hp (486.1 nm) line profiles for 
determining the electron density implies a deconvolution procedure of all broadening 
contributions. 
a) Apparatus function 
In order to determine the apparatus function, the spectrum of the neon line emitted by 
a He-Ne laser was recorded, and a typical spectrum is presented in figure 6.1. The best fit is 
the Gauss function and its measured FWHM is 0.26 A ± 6 %. 
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Figure 6.1- Recorded Ne line of the He-Ne laser and Gaussian fit. 
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b) Helium line 
By using the same optical setup as that used for the apparatus function the He 
emission at 587.5 nm is recorded. Its line shape and FWHM are deduced by fitting the 
spectrum with three different functions: Gauss, Lorentz, and Voigt. The experimental He line 
and the trial functions are presented in Figure 6.2. It can be noticed that the best fit is the 
Voigt function, and its FWHM is roughly twice the apparatus function. This proves that He 
emission is affected by one or more broadening mechanisms of some kind. 
Figure 6.2 - Example of a recorded He (5875.6 A) line and three trial functions: Voigt, Gauss 
and Lorentz. 
c) Hydrogen line 
The transition of the atomic hydrogen line, between the excited levels associated to 
the principal quantum number n = 4 and n = 2, belongs to the Balmer series and it is known in 
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the literature as the Beta transition, Hp, with the wavelength of 486.1 nm. This transition was 
recorded at the parameters mentioned in section 6.1, in order to analyze its line shape and 
broadening. The light spectrum was recorded in the wavelength interval of 4855- 4865 A, and 
a typical spectrum is presented in figure 6.3. The best fit is a Voigt profile, and the FWHM is 
found to be 0.59 A ± 6%. 
10000 
3 
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Figure 6.3 - Example of a recorded Hp (4861.3 A) line profile and a Voigt fit. 
From the comparison of the FWHM for this line with that of the apparatus function, it 
is confirmed that broadening mechanisms apart of the apparatus function, affect the hydrogen 
transition. Moreover, similar broadening with that of the helium line is observed, both in line 
shape and line width. 
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d) Results at 10.8 kV and 9 slpm 
For both studied lines, the measured FWHM, AXy, are given in the second column of 
table 6.1. The Doppler broadening, A),G(DoPphr) has been evaluated using expression 6.1, if one 
assumes a gas temperature of 500 K, a value which is close to the previously determined 
rotational temperature of 533 ± 15 K [IONASCUT-NEDELCESCU et al., 2007]. The values 
obtained from Hp and He are also listed in table 6.1. The convolution of the AXo(DopPhr) and 
the AXofapp.) gives the Gaussian contribution of the broadened line. By using expression 6.13, 
the Lorentzian contribution is determined. The last column of table 6.1 contains AXi(Van der 
waah), which is used for the gas temperature calculation. 
TABLE 6.1- Experimental and fitted parameters of the He and H? lines. 
Line 
He (5875.6 A) 
Hp (4861.3 A) 
AMA] 
0.53 ± 6 % 
0.59 ± 6 % 
A/-G(app.) [A] 
0.26 ± 6 % 
0.26 ± 6 % 
AlG(Doppler) [A] 
0.047 
0.078 
der Waals) [A] 
0.35 ± 12 % 
0.40 ± 12 % 
The Stark effect is linear in hydrogen (first order perturbation), but quadratic in 
helium (second order perturbation). For example, a broadening of 0.4 A gives an electron 
density of about 1016 cm'3 for He, but 1014 cm"3 for Hp. These calculations are based on 
expressions 6.5 for He and 6.6 for Hp. The impact parameters were taken from the literature, 
[GRIEM, 1964, GRIEM, 1974]. The electron temperature is assumed to be 5000 K because 
the previously determined electron excitation temperature, using the Boltzmann plot method, 
in the same torch operating conditions, is 2800 ± 570 K and because there are no available 
data for impact parameters below 5000 K in the case of the H3 line, [GRIEM, 1974]. 
However, the impact parameters are almost independent on the Te. For example, the 
difference between w at 5000 K and respectively 10000 K is less than 4% for He, and even 
less than 3% for Hp. If the main Lorentz contribution to the broadened He and H3 lines were 
the Stark effect, an appreciable difference between the two FWHM should be observed. In the 
present study both lines present similar broadening values, indicating that the Stark effect is 
not the main contribution. Consequently, the mechanism, which is next in importance, i.e. the 
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Van der Waals broadening due to the atmospheric pressure operating conditions, has to be 
considered. 
An upper limit of the electron density can be estimated from the uncertainty 
associated with the FWHM. By assuming a maximum Stark broadening of 0.048 A, i.e. 12% 
of 0.4 A, Ne is 4 x 1012 cm"3. This value represents the maximum electron density which can 
be present in the gap-space discharge. 
6.1.4. Gas temperature calculation from the Van der Waals broadening 
a) Results at 10.8 kV and 9 slpm 
By neglecting the Stark effect, the gas temperature is calculated through expression 
6.7, for both the He and Hp emissions. In these cases, the neutral perturbers are the helium 
ground state atoms, whose average polarizability is given in section 6.I.2.B. By using 
expressions 6.8 - 6.10, the calculated values of the mean square radii of the emitting atoms 
are 500 a\ for Hp and 100 a\ for He. The reduced mass is 0.5 g/mol for Hp and 0.8 g/mol for 
He. The helium atom density is expressed by the perfect gas law 
kT 
where k is Boltzmann's constant and/7 is the atmospheric pressure. The gas temperature T, is 
unknown, but derivable from expression 6.7. By introducing the energy levels involved in the 
Hp 486.1 nm and He 587.5 nm transitions, the corresponding effective quantum numbers are 
calculated. The gas temperature determined from the Van der Waals broadening is 460 K in 
both cases. The error of 12 % is estimated from the expression 6.7 and by taking into account 
the upper and lower limit of the A2,Va„jer WaMs, for each transition. 
b) A graphical method for determining the gas temperature 
The total FWHM of each line is due, apart from the apparatus function, to the Doppler 
and Van der Waals broadenings, both of which depend on the gas temperature. The Doppler 
broadening increases as the gas temperature increases, while the dependence of the Alya„ der 
waaih on the gas temperature is nearly reciprocal. Taking into account expressions 6.7 and 
6.14, one obtains 
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^•"•VanderWaals~^'\L) (6.15) 
Hence, to calculate the gas temperature from the total broadening, one must establish how 
AXDoppkr and AXVan jer waak depend on temperature. For this purpose, expressions 6.1, 6.7, are 
substituted in equation 6.13. For the He 587.5 nm, one obtains 
(AAV)2 - (AAV x 25.6 x r 7 / 1 0 ) - (AAapp + 2.1 x 1(T3 x 4f)2 = 0, (6.16) 
where AXV is the measured Voigt FWHM. By using expression 6.14, the temperature is 
found only by measuring the Voigt width and by knowing the apparatus function. The same 
procedure is applied to Hp line, and the general expression to be used for deducing the gas 
temperature is 
(AXv)2-(AXvx 29.12 xT-1,i0)-(AAapp+3A8xl0-3x4f)2=0. (6.17) 
Based on expressions 6.16 and 6.17, the graphical method for determining the gas 
temperature is presented in figure 6.4, for He and Hp lines. 
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Figure 6.4 -Gas temperature determination from the He 587.5 nm and Hp 486.1 nm lines, 
at 10.8kVand9slpm. 
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The gas temperature obtained, 460 ± 60 K, is slightly lower than the rotational 
temperature of 533 ± 15 K, found in chapter 5 from the r V rotational transition. 
6.1.5. Effect of the input power and He flow rate on the gas temperature and electron density 
a) He line as a function of the applied voltage 
The previous measurements are obtained at the maximum value of 10.8 kV. The 
influence of the voltage is now presented. The He 587.5 nm line is recorded for several values 
of the applied voltage, in the interval 5.8 kV-10.8 kV, and the line profiles obtained are 
presented in figure 6.5. The other torch operated parameters were held constant. All the 
emitted lines fit the Voigt type profile. 
Figure 6.5 - Recorded He 587.5 nm line at different voltages. A Voigt fit is shown for the 
intensity at 8.8 kV. 
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The intensity as a function of voltage is shown in figure 66. It is observed from this 
graph, that the line intensity has a near linear dependence on the applied voltage. The reason 
of the linear behavior is that in DBD plasmas, an increase in the applied voltage results in an 
increase of the electron density [K.TACHIBANA, 2005], and the helium excited states are 
created by direct electron impact. On the other hand, the FWHM behaves differently. 
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Figure 6.6 - He 587.5 nm line intensity as a function of applied voltage. 
Figure 6.7 shows the variation of the measured FWHM as a function of voltage, 
indicating that the FWHM decreases as the voltage increases. 
By measuring the FWHM of the He line at each voltage, the gas temperatures are 
determined according to expression 6.16. The graphs obtained are shown in figure 6S. The 
intersections with the abscissa give the temperatures and the values obtained are indicated in 
table 6.3. 
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TABLE 6.2 - Gas temperatures derived from the He 587.5 nm lines at different voltages, 
from the gap-space region, at 10 cm below the nozzle top. 
Voltage (kV) 
5.8 
6.8 
7.8 
8.8 
9.8 
10.8 
Gas Temperature (K) 
315 ± 30 
330 ±30 
365 ± 35 
386 ± 44 
410 ±50 
460 ±60 
The dependence of the gas temperature with the applied voltage is presented in figure 
6.9. 
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Figure 6.9 - Variation of the gas temperature deduced from the He line (587.5 nm) with the 
applied voltage, at 9 slpm He flow rate and 10 cm below the nozzle top. 
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From figure 6.9, it is noticed that the gas temperature increases linearly with the 
applied voltage, from 315 ± 30 K at the lowest voltage value of 5.8 kV, to 460 ± 60 K for the 
highest level of 10.8 kV. This phenomenon is attributed to gas heating as the input power 
increases. 
b) Hp line function of the applied voltage 
It was shown in section 6.1.4.B that, at fixed torch operating conditions, a good 
agreement exists between the gas temperatures derived from the He an H3 lines. For a further 
confirmation of the validity of this method, the variation of the H3 line as a function of the 
applied voltage is now presented. The Hp line emitted from the gap-space region of the torch, 
operated at 9 slpm He flow is recorded at voltages in the range of 5.8-10.8 kV. The line 
profiles are shown in figure 6.10. 
Figure 6.10- Recorded Hp line at different voltage values. A Voigt fit is shown for the 
intensity at 8.8 kV, at 10 cm below the nozzle top. 
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The intensity of the Hp line increases nearly linearly with the applied voltage (see 
figure 6.11), as in the case of He lines, indicating that the excitation mechanism to excite the 
hydrogen is direct electron impact, too. All the emitted lines show a Voigt type profile, and 
an example is shown on the figure 6.10, at 8.8 kV. The measured FWHM are plotted as a 
function of applied voltage in figure 6.12. 
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Figure 6.11 - Hp line intensity as a function of applied voltage. 
It can be noticed that there is a decrease of the overall broadening as the voltage 
increases. This behavior is attributed to the Doppler and the Van der Waals broadening 
mechanisms. 
By using expression 6.17, the measured FWHM of the lines are used to calculate the 
gas temperatures, and the curves obtained are plotted in figure 6.13. As with helium, the 
intersections with the abscissa give the gas temperatures, and the determined values are 
indicated in table 6.3. 
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Figure 6.13 - Graphical method for determining gas temperature from the F^. 
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TABLE 6.3 - Gas temperatures derived from the Hp 486.1 nm line, at different voltages, from 
the gap-space region, at 10 cm below the nozzle top . 
Voltage (kV) 
5.8 
6.8 
7.8 
8.8 
9.8 
10.8 
Gas Temperature (K) 
310±30 
340 ± 30 
410 ±35 
430 ± 45 
430 ±50 
460 ± 60 
The determined values of the gas temperature are plotted against the voltage in figure 
6.14. 
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It is noticed that the gas temperature increases linearly with the voltage applied, from 
310 ± 30 K at the lowest input voltage, to 460 ± 60 K, at the highest level. This behavior is in 
good agreement with that obtained for the He line, indicating the viability of this method.On 
the other hand, the agreement of the results obtained from both lines, were the electron 
density was not taken into account, further confirms that the actual value of Ne is 
systematically inferior to 4 x 1012 cm"3, in the range of (5.8 - 10.8) kV. 
Comparing the slopes from He (28K/kV) and Hp (30K/kV) line shape analysis with 
the one obtained from the rotational analysis of the ISfe+ transition (40K/kV- section 5.1.4), 
one can clearly conclude that the rotational temperature for this transition overestimates the 
gas temperature, [IONASCUT-NEDELCESCU et al., 2008]. 
c) He and Hp lines as a function of the flow rate 
The He and Hp lines behavior is studied now at a fixed voltage of 10.8 kV, but at 
variable helium flow rates in the range of 5-40 slpm. The recorded lines are fitted to Voigt 
functions, as previously presented. Fgure 6.15 shows the variation of the intensity as a 
function of flow rate. 
It is observed that a linear increase occurs up to about 10 slpm and a saturation effect 
then follows. The last phenomenon may be attributed to the finite electron density reachedat 
a fixed voltage. 
The FWHM of the Voigt fitted lines does not show any significant variation with the 
flow rate in the range studied, indicating that the He flow rate does not affect the gas 
temperature by more than 60 K, value deduced from the associated uncertainty of the 
FWHM. This is somewhat surprising because intuitively one would expect that the 
temperature of the outflowing gas should depend on the residence time at a given power 
level. In our DBD configuration with a narrow discharge gap and a well cooled inner wall, 
however, this is not the case. After a short entrance length, which is of the order of 5 gap 
widths, stationary velocity and temperature profiles are reached. In this stationary case the 
input power per cm of length is exactly balanced by the heat flow per cm of length to the 
cooled electrode. After the entrance length, there is no further temperature increase in the 
flow direction. Consequently, a change of flow velocity has only an influence on conditions 
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inside the entrance length but not on the stationary profiles and on the outflow gas 
temperature, [BECKER et al., 2005]. 
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Figure 6.15 - He 587.5 nm and Hp 486.1 nm line intensities variation as a function of 
helium flow rate, at 10.8 kV and 10 cm below the nozzle top. 
Regarding the electron density variation with the gas flow rate, since no change is 
observed in the line widths, it is concluded that the maximum value ofJVe is less than 4 x 1012 
cm"3, in the range of 5-40 slpm. The electron density deduced in this work is consistent with 
the values reported in the literature, dealing with DBDs similar to the one studied here 
[FOEST et al., 2003, MASSINES et al., 2003, and KIM et al., 2006]. 
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CHAPTER 7 
SPECTRAL CHARACTERISTICS FOR DIFFERENT GAS MIXTURES 
In order to analyze the light emission characteristics as a function of the gas 
composition, helium and its various mixtures were used. The study permits one to understand 
many of the discharge properties, mainly related to the active species variation with the gas 
composition, and on the excitation mechanisms. The optical features were studied by 
analyzing the spectra of the emitted light in the entire visible wavelength range, i.e. (3000-
9000) A. The gases used were: 
helium; 
mixture of helium and argon; 
mixture of helium and nitrogen; 
mixture of helium and water vapor; 
- mixture of helium and methane; 
mixture of helium and oxygen. 
In all the cases, the plasma region being investigated was the gap-space region. 
In the following sections each recorded spectrum will be presented and analyzed in 
detail, and a comparison between the spectra will be then presented. 
7.1. Operation with helium 
A detailed spectrum of the light emitted from the torch operated in helium flow only 
has been already presented in chapter 5. In this section, the same wavelength domain is 
investigated, i.e. (3000 - 9000) A, but the value of the applied voltage differs form that 
presented in the last chapter. Namely, the torch operating parameters were fixed at the 
following values: 
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- P = 260 W; 
- V = 8.6 kV; 
- Q = 9 slpm (He). 
The investigated region corresponds to a distance of 10 cm below the nozzleexit. 
Figure 7.1 presents the entire recorded spectrum, and the inset of the figure is a zoom 
in part of the wavelength interval (3500 - 7000) A. The detailed analysis of the spectrum 
shows that no emissions could be detected in the range of (3000 - 3700) A, but the spectrum 
is very rich in the rest of the wavelength domain, being related mainly to the transitions of the 
molecular nitrogen, ion molecular nitrogen N2+, helium, hydrogen and oxygen. Apart from 
the He transitions, all the other emissions are related to the surrounding air. Few weak 
emissions, which cannot be exactly identified, are also connected to trace impurities. Table 
7.1 contains the main transitions identified in the spectra. A comparison of the spectral 
features at two different applied voltages is shown in figure 7. 2, a superposition of two 
spectra. This spectrum is superposed on the one recorded at the same parameters regardless 
the voltage applied which was set at 10.7 kV, i.e. 450 W, in terms of power applied. One can 
note from this figure that the associated emissions are of the same kind, but with different 
intensities. As would be expected, the transitions are stronger for the higher voltage applied, 
due to an increased input energy for the gas excitation by direct electron impact mechanism. 
Four of the above emissions show a different behavior, regarding their intensity dependence 
on the applied voltage. These are related to the IR afterglow system of the molecular 
nitrogen, and the three oxygen impurity lines which are stronger for the lower voltage value. 
For the IR afterglow system this may be due to the fact that its main excitation mechanism is 
not related to the direct electron impact. The N2 first positive system, FPS shows nearly the 
same intensity in both spectra, suggesting that the N2 in B state is not created by direct 
electron impact, but rather it is a result of the radiative decay of the IR afterglow and H in C 
—> B state (N2 second positive system, SPS). 
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TABLE 7.1 - Main transitions identified in spectraof the discharge operated in helium flow. 
Transition 
N 2 - 2 n d 
Positive 
N2 +-l s t 
Negative 
N2 - 1st 
Positive 
N2 IR 
\fterglow 
He 
atomic 
lines 
H 
atomic 
lines 
0 
atomic 
lines 
Av = 2 
(0,2) - 3804.9A 
Av = 0 
(0,0) - 3914.4A 
Av = 3 
(0,3) -4059.4A 
(1.4) - 3998.4A 
(2.5) - 3943.0A 
A v = l 
(0,1) -4278.1A 
Av = 4 
(0,4) -4343.6A 
(1.5) -4269.7A 
(2.6) -4200.5A 
(3.7) -4141.8A 
Av = 2 
(0,2) -4709.2A 
Av = 5 
(0,5) -4667.3A 
(1.6) -4574.3A 
(2.7) -4490.2A 
(3.8) -4416.7A 
Av = 3 
(0,2) - 5228.3A 
Superposition of many bands, includingAv = 3,4,5 
(5,0)-5632.7 A, (6,l)-55929.9 A, (7,2)- 5553.7 A, (8,3)-5515.6 A, (9,4)-5478.5 
(7,3) & (6,2) - 6013.6 A & 6069.7 A 
(9,6) - 6394.7 A 
(3,0) - 6875.0 A 
(8,3) - 7780.0 A 
I s2p - l s4d ( ' P 0 - ^ ) - 4921.9 A 
I s2s - l s3p ( 'S - 'P 0 ) - 5015.6 A 
I s2s - l s3p ( 3 P ° - 3 D ) - 5875.0 A 
I s2p - l s3d ( V - ' D ) - 6678.1A 
I s2p- l s3s (3P°-3S) - 7065.3 A 
I s2p - l s3s ( ' P 0 - ]S) - 7281.3 A 
Hp - 4861.4 A 
Ha - 6562.8 A 
(5P-5D°) - 5329.1 A 
(5S-5P°) - 5436.8 A 
(5P-5D°) - 6156.7 A 
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7.2. Operation with a mixture of helium and argon 
The light emitted from the gap-space region of the torch operated in a mixture of H e -
Ar is presented in this section. The gas flow for each component was set such as their sum to 
give the flow rate of 9 slpm, as in the case of the pure helium operated torch (section 7.1). By 
fixing the torch parameters at the following values: 
- P = 260 W; 
- V = 8.7 kV; 
- Q = 4.5 slpm (He) + 4.5 slpm (Ar) 
the light emitted from the gap-space region, located at 10 cm below the nozzle exit, was 
recorded in between (3000-9000) A. 
Figure 7.3 presents the recorded spectrum of the light emitted, at the torch operating 
conditions specified above. For clarity purposes, two figure insets which represent zoom out 
images of the same spectrum, in the wavelength range of (3000-5000) A and (5000 - 6965) 
A are also presented. For a better visualization of the optical features, the spectrum is divided 
in two graphs, which are further presented in figure 7.4 and 7.5, respectively. The most 
intense emitted lines of argon are presented in the table inserted in figure 7.5. Twenty argon 
atomic transitions are observed, but no ionic lines could be detected at Ihese conditions. The 
main transitions identified in the spectra, apart from the argon lines, are presented in table 
7.2. Several changes in the spectrum of the mixture He-Ar can be noticed, as compared to the 
spectrum of the pure He one. Figure 7.6 presents two superposed spectra, that of the pure He 
and that of the mixture He-Ar, with the same wavelength scale. It is important to specify that 
these spectra were recorded on the same day, at half hour interval, so it is assumed that there 
are minimal changes of the external factors, like air humidity, or temperature, each of which 
may have an influence on the recording conditions. 
First of all, the ion molecular rotational transition completely disappears, when Ar is 
added into the discharge operated in a helium flow. This phenomenon has already been 
discussed and it is related to the Penning ionization with He metastables, as the main 
mechanism involved in the N2+ states creation. There are also other changes connected to the 
molecular spectra, those related the N2 FPS which almost disappears (figure 7.6), and the N2 
SPS which is considerably diminished, when argon is mixed up into the helium discharge. 
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TABLE 7.2 - Main transitions identified in the He-Ar spectra. 
Transition 
N 2 - 2 n d Positive 
N2 IR Afterglow 
N2 Gaydon's Green System 
or 
Green excimer N2O 
He atomic lines 
H atomic lines 
(0,2) 
(2,5) 
(1,4) 
(0,3) 
(2,6) 
(0,4) 
(1,5) 
(8,3) 
(0,0) 
I s2s - l s3p (3P0- 3D) 
I s2p - l s3d (1P0- ID) 
I s2p- l s3s (3PO-3S) 
I s2p- l s3s (1P0- IS) 
Ha 
Wavelength (A) 
3804.9 
3943.0 
3998.4 
4059.4 
4200.5 
4343.6 
4269.7 
7780.0 
5574.6 
5575.5 
5875.6 
6678.1 
7065.3 
7281.3 
6562.8 
4861.4 
Regarding the atomic lines one can observe that the He (492.1 nm and 501.5 nm) lines 
almost disappear and the other He-related transitions are less intense. On the other hand, 18 
argon transitions with very high intensities appear. In order to explain these changes, the 
excitation mechanisms and the energy levels have to be taken into account. It is known that 
both, He and Ar excited states are created by direct electron impact. Nevertheless, the Ar 
energy levels are much lower than the He-related ones, the ionization energy for argon being 
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15.7 eV, while it is24.6eV for helium. Hence, when argon is added into the discharge 
operated in pure helium, the energy transfer from the fast electrons becomes less effective for 
the He states creation, but supports the Ar-excitation, assuming that the kinetic energy of the 
fast electrons and the quenching processes are similar in both cases. 
In order to verify the electron kinetic energy in helium, in the mixture of helium-argon 
and in argon, one can compare the electron excitation temperatures, because the excited states 
are created by direct electron impact and hence both will follow the same trend. 
The electron excitation temperatures are: 
Te( Ar, 450W) = 4000 K 
Te( He, 450W) = 2800 K 
1 e( Ar-He, 260W, from Ar lines) - 3745 K 
Te( He, 260W) = 2730 K 
1 e( Ar-He, 260W, from He lines) = 2690 K 
Comparing these values, one can conclude on the following facts: 
- the electron excitation temperature shows a slight decrease ( with around 8 
%) for a 40% decrease of the input power, or 18% decrease of the applied voltage; 
- the electron excitation temperature determined from Ar lines is higher than 
that determined from He lines, but follows the same trend regarding the voltage applied, 
- the electron excitation temperature does not show an important variation with 
the gas composition, for He and Ar, at a relatively low input power, of 260 W. Nevertheless, 
the light spectrum shows very large variations with the gas composition. 
Following the above remarks, one can conclude that for 260 W, the electron 
excitation temperature for a given element does not vary with the gas composition (only Ar 
and He), but the way they exchange energy depends on the gas composition. If low energy 
excited levels of species are available, the fast electrons relaxation is enhanced for these 
collisions and hence much less electrons will be available to excite high energy levels. 
Other transitions which almost disappeared are those related to the H3, and O lines. 
The intensity of the Ha transition considerably diminished, as compared to the spectrum of 
pure He. For these transitions, the excited levels are lower than for He states (threshold 
energy for hydrogen around 12 eV, which are even bwer than Ar - around 14 eV, Oxygen -
11 eV, N2 SPS (C-state) - 1 leV, N2 FPS (B-state) - lower than 1 leV). The decrease of their 
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intensities is hence explained by a decreasing of the electron fraction involved in the 
excitation of these species. Moreover, it was found that the effecti\e electron density in a 
pure Ar plasma is one order of magnitude higher that the one in pure He, at the same 
operating conditions [MORAVEJ et al., 2004], explained by the lower ionization potential of 
the Ar as compared to He. Nevertheless, even a slight increase in the electron density does 
not produce an efficient excitation for the high energetic states, as follows from the above 
observations. 
A particular observation is related to the presence of the N2 FPS, which seems to be 
correlated with that of the oxygen lines. Their presence or absence in the spectra is 
simultaneous, suggesting a common generation process involved in both species. Not only 
the mixture of He-Ar produced this characteristic, but also the addition of the N2, H2O, and 
CH4. On the contrary, the addition of O2 to the helium does not change the structure of the 
pure helium spectrum. The spectra of the mixtures of He with N2, H2O, CH4 and O2 are 
presented in the next sections. 
The simultaneous presence of the N2 FPS and O 1 lines could be attributed to the 
creation of some oxides-related compounds. It is possible that the addition of the H-related 
gases mentioned above (H2O and CH4) promotes the creation of OH, as suggested by the 
presence of the hydrogen lines in these spectra, but unfortunately, the excited OH ro-
vibrational bands are in the UV-region, where the optical detection system employed in this 
study is not efficient. 
This section is focused on the effects of the argon addition to the helium plasma. 
Figure 7.4 presents the spectra of the of the N2 FPS, sequence Av = 5, wh ere the most 
distinguishable bands are the (9,4), (8,3), (7,2), and (6,1), as indicated. It is not clear if 
another band system is superposed on the spectrum, as for example the N2 - Gaydon Green 
System. However, the simultaneous quenching of theN2 FPS and of the O I lines suggest the 
creation of some nitrogen oxides, as NO (P). No nitrogen atomic lines (745 nm, 821 nm, 869 
nm) are detected in our spectra, indicating that N and O atoms rapidly react, to form oxides. It 
was previously observed [TABBAL et al., 2001] that the addition of argon to a nitrogen 
discharge produces a quenching of the N2 FPS (B, v' = 8, 9, 10; Av= 4), explained by a 
dissociation of the N2 molecules into atoms, and their reaction with oxygen atoms to form 
NO. The author's conclusion was supported by the fact that an increasing of nitrogen atomic 
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concentration, determined by NO titration, was detected with increasing amount of Ar added 
to the discharge. A similar behavior was observed by [RICARD et al., 1998], for the N> (B), 
(v' = 8, 9, 10; Av = 3), when Ar was added to the N2 discharge, by noticing the increasing of 
the NO concentration determined by emission spectroscopy, from the NO transition between 
(275 - 330 nm). The same phenomenon is observed in the present study, by noticing the 
simultaneous decreasing of the N2 and of the oxygen lines. 
3500 
3100 
2700 H 
1500 
1100 
700 
Hell, pure He 
HeArl, mixture He-Ar 
5565 5615 
Wavelength (A) 
Figure 7.7 - N2 FPS (9-4, 8-3, 7-2, 6-1) decreasing with admixing Ar 
into the He discharge. 
In fact, it was suggested by [KIM et al., 2000] the use the DBD as a source of atomic 
nitrogen, which in turn can serve as precursor to produce Gallium Nitride. 
Finally, some conclusions regarding the excitation mechanism in the present plasma 
can be drawn. Regarding the excitation mechanism related to Ar metastables collisions with 
N2 in the ground state, which are very efficient in microdischarges [PENACHE, 2002], are 
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less efficient in the N2 SPS (C-state) creation, at these conditions. The reaction scheme for the 
excitation mechanism is schematize as follows 
Ar* + N2(X (>Zg+)) — N2(C fnu)) + Ar (7.1) 
For the N2 (B-state) creation, the two sources are from the N2 (SPS) and N2 IR 
afterglow, by their radiative decay. The mechanisms involving the three body collisions: 
N + N + N2->N2(B)+N2 (7.2) 
N + N + Ar^N2(B)+ Ar (7.3) 
are inefficient at our conditions, since one would expect an increase by admixing Ar or N2 to 
the pure He flow. 
7.3. Operation with a mixture of helium and nitrogen 
In order to compare the optical properties of the discharge operated in mixture of He-
N2, with those of the He-Ar and pure He, the spectrum of the light emitted between 3000 -
9000 A, from the gap-space region, at 10 cm below the DBD nozzle exit , was recorded, at 
the same torch parameters, i.e.: 
- P = 260 W; 
- V = 8.7 kV; 
- Q = 4.5 slpm (He) + 4.5 slpm (N2). 
A typical recorded spectrum is presented in figure 7.8. Most of the optical transitions 
are the nitrogen molecular ro-vibrational bands, as it is shown in the figure. There are three 
weak emissions which cannot be properly identified, but they are molecular-related 
transitions. The detailed analysis of the spectrum shows that no atomic lines are present in the 
wavelength range explored. Regarding the absence of the He lines from the spectra, the 
explanation is clear, being related to the fact that the energy of the excited levels for He lies 
in the high values range, whereas lower energy is needed to excite the molecular nitrogen 
bands, which are originating from states created by direct electron impact. For the N>+ ion 
molecular transition which is related to Penning ionization, is not present in these conditions, 
due to the absence of the He metastables. Also, this explains, that the discharge does not 
show an afterglow, when it is operated with nitrogen. Neither hydrogen, nor oxygen atomic 
lines are detected, a fact which might be attributed to the creation of some oxides, like NO 
119 
[PANOUSIS et al., 2006], OH, or /and NH whose transitions are in the UV wavelength 
region. The discharge operated in pure He and at the same parameters is considered as a 
reference, since it was the most studied, and hence a comparison between its characteristic 
spectrum and that obtained for the mixtures He-N2 is useful. For this reason, in figure 7.9, 
both spectra are superposed, using the same measurement units. It is observed that the 
addition of nitrogen into the pure He discharge has drastic effects on the emission spectrum. 
The N2 FPS and the N2IR afterglow completely diminished, suggesting that the N2 (B-state) 
is efficiently populated from the radiative decay giving rise to the IR afterglow emission. 
Moreover, it has been concluded that the increasing of the N2 concentration into the N2-
operated discharge produces a preferential quenching of the N2 (B-state) as compared to the 
N2 (C-state) [KOKHANNKO et al , 1965]. The effect was attributed to the longer lifetime 
state of the N2 (B-state), which is 10"6 s, than that of the N2 (C-state), being 4*10"8 s. 
It is surprising to observe that the concentration of the N2 (C-state), which is a 
dominant feature of the He-N2 discharge, is not higher than that of the pure He discharge. As 
this state is created by electron impact, it can be concluded that the relaxation of the fast 
electrons take place into other forms, like dissociation of the N2, ro-vibrational excitation of 
OH, NO, or NH, and/or that the collisional quenching produced by the addition of N2 
molecules is very high. The last hypothesis implies however an increase of the gas 
temperature, which in fact has already been observed, from the rotational temperature 
determined from N2+ [STOFFELS at al., 2002, BORCIA et al., 2006]. However the 
dissociation by electron impact of the N2 in N atoms and their reaction with oxygen and 
hydrogen might also contribute to the relaxation of the fast electrons. 
Another transition in the green part of the spectrum (557.5 nm) appear, which can be 
attributed either to the Gaydoris Green System of the molecular nitrogen, or the N2O excimer 
transition, as reported by [GHERARDI et al., 2000]. 
In conclusion, the N2 addition to He, acts as a quencher for the N2 FPS, N2 IR 
Afterglow, N2+ FNS, and for all the atomic lines, at characteristic operating parameters, and 
admixture fraction. 
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7.4. Operation with a mixture of helium and oxygen 
In this section, the optical characteristics of the gap-space discharge at 10 cm below 
the DBD nozzle exit, operated in He flow (Q(He)) at 9 slpm with trace of oxygen flow 
(Q(C>2)<lslpm), is studied. The torch parameters were fixed at the following values: 
- P = 0.26 kW; 
- V = 9.0 kV; 
- Q,= 9slpm(He), and Q2 <1 slpm (02). 
The light spectrum was recorded over the entire wavelength range in between 3000-
9000 A. To study the changes occurring when traces of oxygen are mixed up in the pure He, 
the spectrum is superposed on the pure He spectrum presented in section 7.1.1. Figures 7.10 
and 7.11 show the optical characteristics in between 3500-7000 A, and 3500-9000 A, 
respectively. 
The detailed analysis of the spectra shows that the addition of molecular oxygen to the 
pure He discharge, even in very small quantities, changes the light emitted characteristics 
related to both, the atomic and molecular transitions. However, the spectrum at these 
conditions resembles mostly to that observed in pure He, as compared with the other mixtures 
(He-Ar, He-N2, He-H20, He-CH4). Concerning the atomic transitions, a slight decrease of the 
He line intensities is noticed, but an enhanced decrease of the oxygen emissions. Meanwhile, 
the two hydrogen lines completely vanish after the oxygen addition to the He operated 
discharge, a fact which is probably attributed to the formation of foe hydroxyl radical. 
Regarding the molecular transitions, it is noticed that the Nb+ FNS almost disappears. 
The vibrational bands of the N2 FPS and that of the N2 IR Afterglow system, decrease by a 
factor of 2, indicating again that the N2 (B-state) is efficiently populated by the last transition. 
The vibrational bands of the N2 SPS show almost the same features. As these bands originate 
from the N2 (C-state) which in turn is created by direct electron impact, it follows that the 
electron distribution function is not greatly affected at these conditions. 
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7.5. Operation with a mixture of helium and water vapor 
Water vapor was introduced in the gap - space region of the discharge, using a 
bubbler system, in which helium gas was introduced in water at a fixed flow rate value, 
Q(Hewater)- The water was kept at room temperature. 
The region investigated is the same as for the previous studies, i.e. 10 cm below the 
DBD nozzle exit, and the operating parameters were fixed at the following values: 
- P = 260 W; 
- V = 9kV; 
- Qi = 5 slpm (He), and Q2 = 2 slpm (Hewater). 
The light emitted spectrum was recorded in between 3000 - 9000 A, and a typical 
spectrum is presented in figure 7.12. In order to present all the emission details, this spectrum 
is divided in two parts, the first one covers the wavelength range of 3000- 5500 A (figure 
7.13), and the second extends in the range of 5500- 9000 A (figure 7.14). 
A detailed analysis of the spectral characteristics shows that there are several changes 
of the light emitted features, as compared to the pure He spectrum. Starting with the atomic 
transitions, one can notice that the atomic He and H lines do not change considerably in 
intensity, when water vapor is introduced into the pure He discharge. The situation is quite 
different for the oxygen atoms, whose signature via the atomic transitions, completely 
disappeared. This process can be attributed to the OH formation. 
Concerning the nitrogen molecular transitions, one can note that the intensity of the 
N2+ rotational transitions considerably diminished almost disappeared, due to quenching of 
the long living He-metastables by water vapors. The N2 SPS it is not gravely affected by the 
introduced vapors. This observation, in addition to the comportment of the He and H lines, 
indicates that the electron kinetic does not considerably change with respect to that of the 
pure He plasma. Differences occur again for the N2 FPS, which completely disappears, and 
the N2IR afterglow, which shows a large decrease in intensity, with the introduction of water 
vapor. 
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7.6. Operation with a mixture of helium and methane 
Finally, the last experiment was performed by adding methane at a flow rate (Q(CH4) 
less than 1 slpmto the helium flow (Q(He)) discharge, and again the spectrum of the light 
emitted from the gap-space, at a distance of 10 cm below the nozzle top, was recorded. The 
torch operating conditions were fixed at the following values: 
- P = 240 W; 
- V = 8.7 kV; 
- Qi = 9 slpm (He), and Q2 < 1 slpm (CH4). 
The spectrum of the light emitted was recorded over the wavelength range 3000 -
9000 A, and it is presented in figure 7.15. For a better visualization of the emission details, a 
zoom out spectra of the CH emission is presented in figure 7.16, while figure 7.17 presents 
the optical features in the wavelength interval 7200- 9000 A. 
Even though methane was added to the pure He discharge as a trace, at a flow rate less 
than 1 slpm, there are considerable changes in the optical emission spectrum, which are now 
discussed. First of all, the He atomic lines are still present in the spectrum, but their 
associated intensities are reduced roughly by a factor of 3. Nevertheless, the oxygen lines 
completely disappear, as well as Hp, while Ha is lowered by a factor of 6. A new band 
associated to the CH transition appears at 4314.2 A, identified as the 2A—>• 2 II (0, 0) 
emission. If the splitting of the CH4 in CH groups does not produce an increasing of the 
hydrogen transitions, it follows that the hydrogen and oxygen react to form hydroxyl group. 
On the other hand, it has been concluded that the addition of CH^ into the hydrogen discharge 
produces efficient relaxation of the energetic electrons on the vibrational states of methane of 
lower energy than those of the hydrogen, denoting that these states are created by direct 
electron impact [LUQUE et al., 1998]. 
Concerning the nitrogen molecular bands, the addition of methane produces a 
dramatic lowering of the intensity of the r>fc+ rotational transitions, indicating a quenching of 
the He metastables by the CH4 molecules. The N2 FPS and the N2 IR afterglow disappear, 
indicating that the last transition is an efficient reservoir for the creation of the N2 in B state. 
Finally, the N2 SPS shows an appreciable vanishing in intensity, indicating again the 
relaxation of the fast electrons via CH vibrational states. 
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CHAPTER 8 
CONCLUSIONS AND RECOMANDATIONS FOR FUTURE WORK 
In this chapter general discussions and conclusions derived from the entire study are 
presented. These are related to the major topics presented in chapters 3-7 and include: the 
electrical characteristics of the torch, the visual characteristics of the gap-space and afterglow 
plasma at various operating conditions, the excitation temperatures determination in the gap 
space and afterglow, based on the Boltzmann plot method, the gas temperature and the 
electron density determination based on the spectral line shape analysis, as well as their 
variation as a function of the different torch operated conditions, and finally, the spectral 
characteristics in He and its various mixtures such as N2, O2, H2O, and CH4. 
Besides the gap-space and afterglow characterization by optical emission 
spectroscopy which is studied in detail in this work, the electrical characteristics were also 
analyzed in order to ensure the proper operation of the torch and to u s the voltage/charge 
Lissajous diagrams as an on-line monitoring system. Agreement between the values of the 
total and dielectric capacitances deduced theoretically from the design specifications and 
those experimentally determined from the Lissajous figures, was noted. Moreover, the 
diagrams permit also to deduce and to monitor very important electrical characteristics of the 
torch, such as the energy supplied to the discharge during one cycle, and the power 
dissipated. 
The study of the visual plasma characteristics at various operating parameters, in 
which the photographs of the gap-space and afterglow are presented at different torch 
operating conditions permitted to state many conclusions. By recording the photographs of 
the afterglow in the entire voltage or power range, gas flow rate, and gas composition, 
important aspects about the visible afterglow length were deduced. It was established that the 
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length of the afterglow in helium flow increases with the gas flow rate up to about 9 cm 
above the nozzle top, for a gas flow rate of 20 slpm A slight decrease of the afterglow length 
with a volume expansion is noticed in the He flow rate range of 20 - 40 slpm. Regarding the 
variation with the applied voltage in the range of 5 -11 kV, an increase of the afterglow length 
up to about 8 cm above the nozzle top is achieved corresponding to 8 kV, and a slight 
decrease then follows. Contrary to what was observed in the gas flow variation behavior, the 
volume expansion of the afterglow is larger for the lower values of the voltages applied. The 
characteristics of the torch with the variation of the gas flow ratios, in mixtures of helium and 
argon, indicates that the argon addition results in a less bright afterglow. In pure argon 
operation, in the range of 1 - 45 slpm argon flow rate, and up to 11.7 kV applied voltages, 
practically no extension of the afterglow plasma above the nozzle top can be detected, at least 
not in the visible wavelength domain. Finally, the influence of the environmental air on the 
length of the afterglow was documented by the experiments in which the afterglow was 
protected from the atmosphere, by attaching a quartz tube to the torch exit. In this case, a 
much longer extension of the afterglow was obtained, regardless the applied voltage, gas fow 
rate or gas composition. 
The strong non-equilibrium feature of this type of plasma, both in the gap space and in 
the afterglow, was deduced from the experimental determination of the three excitation 
temperatures: rotational - Tr, vibrational - Tv and electronic - Te. The values obtained at fixed 
torch operated conditions are: Tr= 533 ± 15 K, Tv = 2500 ± 500 K, and Te = 2800 ± 570 K, in 
the gap-space region. By keeping the same operating conditions, the three temperatures 
determined in the afterglow are: T r= 466 ± 10 K, Tv = 2100 ± 430 K, and Te = 2600 ± 530 K, 
[IONASCUT-NEDELCESCU, 2007]. The differences between the three temperatures prove 
the non-equilibrium nature of the plasma in both, the afterglow and gap-space regions. The 
similarity of the values deduced from the gap-space compared to those derived from the 
afterglow shows a strong influence of the discharge on locations at a considerable distance 
away from the active region. It is important to mention that a decrease of only 15 % is found 
for the rotational temperature in the gap-space as compared to the afterglow, which proves a 
slight cooling attributed to ambient air entrainment. Meanwhile, related to the vibrational or 
electronic excitation temperatures, a cooling process of the aftergbw with respect to the 
active region cannot be proven. Taking into account both, the possible excitation mechanisms 
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involved in the creation of the three kinds of states [BIBINOV et al., 2001, PEN ACHE, 
2002], and the three values determined, it is deduced that a similar excitation mechanism is 
involved in the vibrational and electronic excited states, but a different one is responsible for 
the excitation of the rotational states. To conclude, the rotational states are created by Penning 
ionization with the helium metastable atoms, and direct electron impact of the fast electrons 
with the molecular or atomic species is the main mechanism involved in the formation of 
vibrational and electron excited states. A further confirmation of Nz+ state creation by 
Penning ionization mechanism involving He metastables is related to the fact that this species 
is not present when argon is used. It is concluded that because of the lower energetic values 
of the Ar metastables as compared to those of the He, or the N2 ionization energy, the 
signature of the rotational transition is not present in the emission spectrum. 
Concerning the source of the molecular nitrogen, when the torch is operated in 
helium flow only, air contamination seems to be the most probable, even though recipient 
impurities could also be present. Nevertheless, different grade purities of the gas were 
checked, and the molecular nitrogen was always present. 
In pure helium flow, by comparing the emission spectra in the wavelength region 
between 300 ran and 900 nm, recorded from both, the gap-space and afterglow region, it is 
found that an appreciable quantity of active species is found at a distance of few centimeters 
away from the active region. 
A very important topic of the actual study is related to the gas temperature, a measure 
of the mean kinetic energy of the gas particles. In fact, for practical applications, the gas 
temperature represents a key factor. A usual way to estimate the gas temperature is to 
approximate its value with the rotational temperature especially that derived from N2+ 
transitions. Nevertheless, in some cases this transition could not be detected, or in other cases 
the values obtained by this mean do not accurately reflect the value of the gas temperature. 
An alternative method successfully applied to derive the gas temperature is the spectral line 
shape analysis, and it is used in this work, for the He (587.5 nm) and H3 (486.1 nm) 
transitions [IONASCUT-NEDELCESCU et al , 2008]. The proper analysis implies the study 
of all the physical phenomena involved in the line broadening mechanism, and to take into 
account their associated mathematical expressions, namely the Gauss, the Lorentz and the 
Voigt type functions. Consequently, the natural, Doppler, Stark, and Van der Waals effects 
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were studied in detail, and they allowed to derive important plasma properties. First of all, it 
is concluded that the main broadening mechanism in the case of the plasma studied here is 
due to collisions between the neutral gas particles, i.e the Van der Waals broadening. 
Estimating each of the broadening contributions to the line widths, an innovative approach is 
proposed and it is based on the derivation of two parametrical expressions, one for each 
studied line. The advantages of the method are related to several aspects. First of all, the 
dependencies are synthesized in analytical expressions with parameters, in which the only 
variable is the gas temperature. In this way, a much simplified approach is given. Moreover, 
taking into account that spectral lines are always broadened, the method permits one to 
determine the gas temperature in its meaningfulness. 
Another advantage of the method is related to the accuracy of the values obtained, 
explained as follows. Comparing the slope of the gas temperature variation as a function of 
the applied voltage with that obtained from the rotational temperature dependency on the 
voltage, it is concluded that the last one gives an overestimation by 35 %, even though both 
temperatures show a linear dependence on the applied voltage. The linear increase of the gas 
temperature in between (310 - 460) K with the applied voltage in the range of 5 .8- 10.8 kV, 
as deduced from both lines, indicates the gas heating as the input power increases. For the 
same voltage range, the rotational temperature shows the same linear behavior, but the 
deduced temperature values are higher. 
Regarding the gas temperature variation with the gas flow rate up to 40 slpm, it is 
deduced that no significant variation exists. Hence the He flow rate does not affect the gas 
temperature by more than 60 K, the associated uncertainty. Even though one would expect 
that the gas temperature depends on the residence time of the gas particles, in the actual torch 
configuration, with a well cooled inner wall, it is concluded that a stationary temperature 
profile is established. 
The electron density is derived from Stark effect analysis in hydrogen using the Hp 
line. It is deduced that the upper limit of the electron density for the highest voltage applied 
is 4 x 10 cm" . Analyzing the behavior of the line widths with the gas flow variation up to 40 
slpm, no significant variation is found. Consequently, it E concluded that the upper limit of 
the electron density is 4 x 1012 cm'3, at gas flow rates range of 5 - 40 slpm. The effect of the 
input power or voltage on the intensities of the Hp (486.1 nm) and He (587.5 nm) lines was 
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investigated as well. The results show that a nearly linear increase of both intensities is 
observed, when the voltage is raised from 5.8 kV to 10.8 kV. Taking into account direct 
electron impact as the main excitation mechanism for both excited states, it is concluded that 
the rising voltage produces an increase of the electron density. In the case of the rotational 
band of the nitrogen molecular ion, the N2+ transitions, the intensity varies also linearly with 
the applied voltage, in the range of 5.8 - 10.8 kV, indicating a linear increasing of the density 
of this excited state. This in turn denotes that the excited states are created by a process which 
depends linearly on the voltage. Again, it is concluded that Penning ionization involving He 
metastables, which in turn are created by direct electron impact, is main excitation channel 
for N2+ creation. 
The study of the spectral characteristics recorded in different gases and mixtures of 
gases was applied to establish some of the discharge properties related to the variation of the 
active species with the gas composition, to the excitation mechanism identification, and to the 
chemical reactions. To compare the different spectral properties, the torch operating conditions 
were fixed at an input power level of 260 W, and the gas flow rates were chosen to give 9 
slpm, for all the gases and mixtures of gases used. As a reference spectrum that of the pure 
helium operated discharge was chosen. Other gases and mixtures, for which the spectra were 
analyzed in detail, were the mixtures of: helium -argon, helium - nitrogen, helium - water 
vapor, helium - methane, and helium - oxygen. In pure helium operation, the most important 
transitions identified from the gap space region, in the wavelength range of 300 nm to 900 nm, 
were those related to the helium atomic lines, namely those at 492.2 nm, 501.5 nm, 587.5 nm, 
667.8 nm, 706.5 nm, and 728.1 nm. Besides these transitions, the atomic lines of the hydrogen 
at 486.1 nm, and 656.2 nm and three oxygen transitions, at 532.9 nm, 553.5 nm, and 615.6 nm, 
were also identified. The signature of some molecular species is present, too. Namely, the 
spectra of the nitrogen molecular transitions, those of theN2 - 2nd positive system, with A v = 2, 
3, 4, 5, those of the N2 - first positive system- a superposition of many bands, including^ v = 
3, 4, 5, the IR afterglow system, and finally those of the nitrogen molecule ion, theN2+ - first 
negative system, withAv = 0, 1, 2, 3, were detected. 
The argon addition, to the pure helium discharge at gas flow rates Q(Ar) = Q(He) = 4.5 
slpm resulted in a reduction of intensity of He lines, of O and H emissions. At the same time, 
the Ar lines appear and dominate the emission spectrum. Taking into account the energy of the 
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excited levels for each of the atomic species, and their excitation mechanism which is direct 
electron impact, it is concluded that the relaxation process of the fast electrons on the argon 
excited states became very important, and hence much less electrons are available to excite the 
other atomic species. Regarding the molecular states, N2+ - first negative system disappears, 
N2 - first positive system, and N2 - second positive system, decrease. As N2+ - first negative 
system is a result of Penning ionisation with He metastables, which in turn are creatad by 
direct electron impact, it is concluded that the density of He metastables dramatically 
diminished. The reduction of intensity of the molecular nitrogen and especially of the N> -
first positive system, upon argon addition into the helium discharge, is explained by the 
increase of the molecular dissociation into N atoms, and their reactions with the oxygen and 
hydrogen, forming NO and OH groups. Unfortunately, the emission characteristics of these 
species could not be observed with the actual optical set-up, being in the UV wavelength 
domain. 
Regarding the N2 addition to the pure He, at flow rates of Q(N2) = Q(He) = 4.5 slpm, 
several conclusions are underlined. The atomic lines and the N2+ - first negative system 
disappear, the N2 - first positive system, and N2IR afterglow considerably diminishes. The N2 -
second positive system is still present, indicating a stronger quenching of the N2 in (B) state as 
compared to (C), by the molecular nitrogen. The lack of the atomic lines, even those of the 
nitrogen, might indicate the creation of some oxides like NO, OH, and/or NH. Meanwhile, 
another N2 molecular transition appears, in the green part of the spectrum, which might be 
related either to the Gaydon Green System, or the N>0 excimer transitioa 
Oxygen addition as traces, at gas flow rates up to 1 slpm, into He operating discharge, 
produces a much less effect in the emission spectrum than all other admixtures used in the 
actual experiments. Nevertheless, the intensity of the helium lines shows a sight decrease, 
indicating that the collisions with the fast electrons are still efficient. Contrarily, hydrogen 
emissions disappear, and oxygen lines are considerable diminished, indicating that probably 
hydroxyl groups are formed. The N2 - second positive system N2, is not greatly affected, 
meanwhile the N2 - first positive system, N2 IR afterglow system, and N2+ - first negative 
system, decrease in intensity. 
The water vapour addition into the helium discharge, does not strongly affect the 
helium and hydrogen emissions, but greatly affects the oxygen lines, which disappear from the 
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spectrum. A similar behaviour with that of the oxygen addition is detected, concerning the 
molecular nitrogen bands. It is concluded that in this case, the electron kinetics is not greatly 
affected by introducing water vapour, nevertheless, the quenching of the long-living He 
metastables and the formation of some hydroxyl groups are underlined. 
Regarding the methane addition at flow rates up to 1 slpm, into the helium discharge at 
9 slpm, several important changes in the emission spectrum are detected. The atomic lines 
show an overall decrease in intensity, and oxygen lines disappear, which might indicate again 
that hydroxyl groups are formed. The molecular bands also decrease in intensity, and a new 
emission, that of the CH, appears. It is concluded that in this case, the relaxation of the fast 
electrons via CH excited states is very efficient. 
Regarding the future works, some new experiments could be performed. For example, 
the temperature determination in various gases, at different gap widths, excitation frequency, 
or geometrical configuration, could provide additional information on the processes in the 
DBD plasma. 
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